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Abstract
Low-energy supersymmetry is a theoretical extension of the Standard
Model of particle physics in which supersymmetry is invoked to explain the
origin of the electroweak scale. In this approach, the energy scale of super-
symmetry breaking can be no larger than about 1 TeV. In these lectures,
a pedagogical account of softly broken supersymmetric gauge theories is
presented. The minimal supersymmetric extension of the Standard Model
(MSSM) is defined and constraints on its parameters are explored. The
implications of supersymmetric tree-level interactions and its one-loop cor-
rections are discussed. Low-energy supersymmetric model alternatives to
the MSSM are briefly mentioned.
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Introduction
The Standard Model of particle physics provides an extremely successful de-
scription of all particle physics phenomena accessible to present day accelerators. No
experimentally confirmed deviations from the Standard Model have yet been found.
It is clear that the Standard Model is a accurate “effective low-energy theory” at
energy scales up to 100 GeV. However, theorists strongly believe that the success of
the Standard Model will not persist to higher energy scales. This belief arises from
attempts to embed the Standard Model in a more fundamental theory. We know
that the Standard Model cannot be the ultimate theory, valid to arbitrarily high
energy scales. Even in the absence of grand unification of strong and electroweak
forces at a very high energy scale, it is clear that the Standard Model must be mod-
ified to incorporate the effects of gravity at the Planck scale (MNP ≃ 1019 GeV).
In this context, it is a mystery why the ratio mW /MNP ≃ 10−17 is so small. This
is called the hierarchy problem [1]. Moreover, in the Standard Model, the scale of
the electroweak interactions derives from an elementary scalar field which acquires
a vacuum expectation value of v = 2mW /g = 246 GeV. However, if one couples a
theory of scalar particles to new physics at some arbitrarily high scale Λ, radiative
corrections to the scalar squared-mass are of O(Λ2), due to the quadratic divergence
in the scalar self-energy (which indicates quadratic sensitivity to the largest energy
scale in the theory). Thus, the “natural” mass for any scalar particle is Λ (which
is presumably equal to MNP ). Of course, in order to have a successful electroweak
theory, the Higgs mass must be of order the electroweak scale. The fact that the
Higgs mass cannot be equal to its natural value of MNP is called the “naturalness”
problem [2].
The SU(5) grand unified model provides a nice example of these points [3].
In this model, Λ ≃ 1015 GeV. The SU(5) is broken down to SU(3)×U(1)EM by
vacuum expectation values (VEVs) of a 24-plet and a 5-plet of Higgs scalars. The
respective VEVs are of order Λ and v = 246 GeV respectively. How is the hierarchy
of v/Λ ≃ 10−13 arranged? The dimensionful parameters of the Higgs potential
must be of order Λ (raised to the appropriate power according to the dimension of
the corresponding term in the potential). One can arrange the necessary hierarchy
only by carefully fine-tuning the squared-mass parameters of the Higgs potential
to one part in 1026. More generally, if the Standard Model is to embedded in
a more fundamental theory that includes gravity, the radiative corrections to the
Higgs squared mass will be dominated by physics at the Planck scale resulting in a
squared-mass shift of order M2NP . A Higgs mass of order the electroweak scale can
be arranged only if the bare Higgs squared mass is of O(M2NP ) in such a way that
when this is added to the squared mass shift arising from the radiative corrections,
the result is a mass that is 17 orders of magnitude smaller than the Planck scale!
This is the “fine-tuning” problem, which is related to the hierarchy and naturalness
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problems.
Theorists have been hard at work for more than a decade in an attempt to
circumvent the problems raised above. The proposed solutions involve removing the
quadratic divergences from the theory that are the root cause of the naturalness and
fine-tuning problems. Two classes of solutions have been proposed. In one class, the
elementary scalars are removed altogether. One then must add new fundamental
fermions and new fundamental forces. For example, in technicolor models, new
fermions F are introduced such that
〈
FF
〉 6= 0 due to technicolor forces, which
results in the breaking of the electroweak interactions [4]. Other models of this
class are composite models, where some (or all) of the particles that we presently
regard as fundamental are bound states of more fundamental fermions [5]. In this
class of models, the physics that is responsible for electroweak symmetry breaking
is strong and its implementation requires non-perturbative techniques. I believe
that it is fair to say that no compelling realistic model of this type has ever been
constructed. I will say no more about this approach, since it is not the subject
of these lectures. The second class of models are those where new particles are
introduced to the Standard Model in such a way that all quadratic divergences
exactly cancel. Since we retain the Higgs scalars as elementary, the cancellation of
quadratic divergences can only be the result of a new symmetry [6]. This symmetry
is called supersymmetry which relates fermions to bosons. Because fermion self-
energies have no quadratic divergences, it is possible in a theory with a symmetry
that relates fermions to bosons to guarantee that no quadratic divergences arise in
scalar self-energies.
In these lectures, I will explore the possibility that supersymmetry is an ap-
proximate symmetry of the “low-energy” effective theory at the electroweak scale.
That is, I shall invoke supersymmetry as a solution to the naturalness problem.
However, supersymmetry cannot be an exact symmetry of nature. In a theory with
exact supersymmetry, fermions and their bosonic superpartners must be degenerate
in mass. The Standard Model spectrum clearly does not satisfy this requirement.
Thus, if supersymmetry is realized in nature, it must be broken. It turns out that
supersymmetry-breaking can be implemented without introducing new quadratic
divergences to spoil the naturalness of the theory. Such breaking terms are called
soft-supersymmetry-breaking terms [7]. These will be discussed in more detail in
section 1.4. Thus, the approach of “low-energy” supersymmetry is one in which
supersymmetry is invoked to explain the origin of the electroweak scale. The soft-
supersymmetry breaking mass parameters required for a phenomenologically ac-
ceptable model cannot be larger than O(1 TeV). The simplest model of this type
is called the Minimal Supersymmetric Standard Model (MSSM), which is the main
subject of these lectures.
In Lecture 1, I discuss theoretical aspects of supersymmetric model building—
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how to construct a supersymmetric field theory including the required soft-supersym-
metry-breaking terms. The MSSM will then be defined and elucidated. In Lecture
2, I discuss the present knowledge of the supersymmetric parameters. Both the-
oretical and phenomenological constraints are discussed. Many of the theoretical
constraints discussed in the literature derive from specific assumptions about the
fundamental theory at high energy. For the most part, I will try to remain agnostic
as to the details of the underlying fundamental theory, although I will try to alert the
reader when some implicit property of the high-energy theory is being used. Finally,
in Lecture 3, I examine radiative corrections to the tree-level results of low-energy
supersymmetry. Any successful model that supersedes the Standard Model must
be consistent with the precision electroweak data from LEP and other experiments.
In addition, supersymmetric theories possess many “natural” relations. These are
tree-level relations among parameters that would each be infinitely renormalized in
a theory with less symmetry. Radiative corrections to natural relations are finite
and calculable and can lead to important changes in the tree-level phenomenology.
In the late 1970s, Fayet was the first to seriously pursue supersymmetric field
theoretic models of elementary particles at low energies [8]. However, the subject
received its major boost when it was realized that supersymmetry could in principle
be used to explain the origin of the electroweak scale [9-11]. Many useful pedagog-
ical review articles [12-23] and textbooks [24-30] on supersymmetry have appeared
over the last two decades. In addition, a nice collection of some of the classic papers
in supersymmetry and supergravity can be found in ref. [31]. Therefore, I will not
consistently cite the original literature in the first two lectures, since a comprehen-
sive list of references can already be found in the previously referenced reviews and
textbooks. In addition, lecture notes on supersymmetry have also appeared in a
quite a few previous TASIs [32-37]. The student will find many of them valuable as
he or she begins to delve into this field of study. In these lectures, there will neces-
sarily be some repetition from lectures past. Nevertheless, I hope I can contribute
some new insights to a new generation of students who may be privileged to witness
the true (experimental) birth of supersymmetry in the coming decade.
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1. How to Build a Low-Energy Supersymmetric Model
The goal of this lecture is to define the minimal supersymmetric extension of
the standard model, usually called the Minimal Supersymmetric Standard Model
(MSSM). Unfortunately, there is no one uniform definition of the MSSM. The reason
for this will become apparent as we proceed. In this lecture, I will endeavor to take
a “low-energy” point of view, and define the MSSM directly in terms of the low-
energy effective field theory appropriate to energy scales of order 1 TeV and below.
Low-energy phenomenology will be used to constrain some of the supersymmetric
parameters in Lecture 2. I will try to avoid additional assumptions that depend on
physics at a much higher energy scale, although it will sometimes be more practical
to make use of some theoretical biases regarding the nature of the physics at the
higher energy scales.
1.1. How to Create a Supersymmetric Extension of the Standard Model
I begin with a brief description of the ingredients of the Standard Model [38].
The Standard Model is an SU(3)×SU(2)×U(1) gauge theory, consisting of gauge
fields and matter fields. The matter fields include the quarks, leptons and Higgs
fields. The gauge group quantum numbers of the particles of the Standard Model
are well known. Prior to electroweak symmetry breaking, the gauge bosons consist
of the eight gluons (8,1,0), three SU(2) gauge bosons W± and W 3 (1,3,0), and one
hypercharge gauge boson B (1,1,0), where I have indicated parenthetically the trans-
formation properties of the gauge bosons under the gauge group. (Gauge bosons
transform under the adjoint representation of the gauge group.) In describing the
fermionic sector of the model, it is convenient to use left-handed fermion fields. One
generation (using the notation of the third generation) consists of a weak doublet
of quarks (tL, bL) (3, 2, 1/3), two weak singlets t
c
L (3
∗, 1,−4/3) and bcL (3∗, 1, 2/3), a
weak doublet of leptons (νL, τL) (1, 2,−1) and a weak singlet τ cL (1, 1, 2). There is
no νcL state in the Standard model (which is equivalent to the statement that there
is no right-handed neutrino). The other two generations of fermions are just replica-
tions of the one just listed. Note that The U(1) hypercharge (Y ) is normalized such
that the electric charge is given by Q = T3 + Y/2, where T3 is the third component
of weak isospin. Finally, the Standard Model contains one complex weak doublet of
Higgs scalars (G+, (v+φ0+ iG0)/
√
2) (1, 2, 1). Note that I have explicitly exhibited
the fact that the neutral component of the Higgs field acquires a vacuum expectation
value, v. As a result, the Goldstone bosons G± and G0 are absorbed by the vector
bosons, producing three massive vector bosons W± and Z. The Z and photon are
linear combinations of W 3 and B (the corresponding rotation angle is the weak
mixing angle θW ); the photon remains massless. The φ
0 is the remaining scalar
degree of freedom left in the particle spectrum; this is the physical Higgs boson. All
the fermion states listed above are interaction eigenstates, but not necessarily mass
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eigenstates. For the quarks, the 3 × 3 quark mass matrices are not diagonal, so
the quark mass eigenstates differ from the interaction eigenstates. These two bases
are related by the Cabibbo-Kobayashi-Maskawa (CKM) matrix. In the case of the
leptons, the neutrinos of the Standard Model are exactly massless. Thus, we are
free to define the neutrino fields in such a way that the electroweak eigenstates and
mass eigenstates coincide. The origin of the fermion masses and the CKM matrix
is not explained within the Standard Model. This is the so-called “flavor problem”,
which remains one of the major mysteries of particle physics today. I will not at-
tempt to address the flavor problem in these lectures. Adding supersymmetry to
the Standard Model in a minimal fashion does nothing to shed light on this issue.
Here are the steps required to extend the Standard Model to a supersymmetric
theory. First, add a supersymmetric partner to each Standard Model particle such
that
Str 1 = 0 , (1.1)
where
Str [· · ·] =
∑
i
(−1)2Ji(2Ji + 1)Ci [· · ·] . (1.2)
In eq. (1.2), Ci counts the electric charge and color degrees of freedom and Ji is
the spin of particle i [but, replace 2Ji + 1 with 2 if particle i is massless with spin
Ji > 0]. For example, for the W
± we take C = 2, while for the u-quark C = 6
corresponds to a color factor of 3, counting both uL and u
c
L. The latter implies
that in the supersymmetric extension of the Standard Model, corresponding to each
quark (and antiquark) one must add two (color-triplet) scalar partners, usually
called q˜L and q˜R, respectively.
⋆
Note that eq. (1.1) is equivalent to the statement
that a supersymmetric theory has an equal number of bosonic and fermionic degrees
of freedom.
In the procedure above, one must guard against gauge anomalies [39]. In the
Standard Model, the gauge anomalies exactly cancel. However, the superpartners
of the Higgs bosons are chiral fermions which contribute to the SU(2)×U(1) gauge
anomaly. In order to cancel this anomaly, one must add a second Higgs doublet
with quantum numbers (1, 2,−1) and its superpartners to the theory. Let us check
that the conditions for anomaly cancellation,
TrT 23 Y = Tr Y
3 = 0 (1.3)
are satisfied. For example, the contributions of the quarks and leptons to TrY 3 are
(Tr Y 3)SM = 3
(
1
27 +
1
27 − 6427 + 827
)− 1− 1 + 8 = 0 , (1.4)
⋆ Technically speaking, q˜∗
R
is the superpartner of qc
L
.
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where the color factor of 3 has been included for the quark contributions. If we
now include just one doublet of (left-handed) Higgsinos, (H˜+, H˜0)L, with T3 = ±12
and Y = 1, one finds TrY 3 = 2.
†
By including Higgs supermultiplets in pairs with
opposite hypercharge, the contributions of the higgsinos to the gauge anomalies will
cancel.
Second, we must include supersymmetric interactions among the particles and
their superpartners. One may be tempted to include all possible supersymmetric
interaction terms. However, this is phenomenologically unacceptable. For example,
it is possible to introduce dimension-4 supersymmetric interaction terms that violate
baryon number or lepton number. In the Standard Model, this does not happen.
That is, the SU(3)×SU(2)×U(1) gauge invariance is sufficient to guarantee that all
terms in the Lagrangian of dimension 4 or less automatically respect baryon and
lepton number [40]. This is no longer true in the MSSM [41]. However, the set of
unwanted interaction terms can be removed by imposing a discrete symmetry, as
we will see in section 1.5.
Finally, supersymmetry is clearly not an exact symmetry of the observed particle
spectrum and hence must be broken. However, the supersymmetry breaking terms
of the Lagrangian cannot be totally arbitrary. In order to preserve the desirable
properties of supersymmetry (e.g., cancellation of quadratic divergences and the
non-renormalization theorems [42]), the supersymmetry-breaking terms must be
soft. In particular, if the supersymmetry-breaking terms are soft, the cancellation
of quadratic divergences in all n-point Green functions (for n ≥ 1) is maintained.
Soft-supersymmetry breaking arises in one of three ways:
(i) Spontaneous global supersymmetry breaking (which implies the existence of
a massless spin 1/2 Goldstino)
(ii) Spontaneous local supersymmetry breaking (which implies the existence of a
massive spin 3/2 gravitino)
(iii) Explicit (but soft) supersymmetry breaking.
The third choice above seems rather arbitrary. However, it turns out that explicit
soft supersymmetry breaking in the low-energy effective theory can be a consequence
of spontaneous supersymmetry breaking in the fundamental high-energy theory. We
will return to this point in section 1.4.
The recipe for constructing a supersymmetric extension of the Standard Model,
as described above, implies that each known particle of the Standard Model must
possess a new superpartner that has yet to be discovered by experiment. Is it pos-
sible that one of the known particles is already a superpartner of another Standard
† Note that the only other supersymmetric fermions, the gauginos, have Y = 0 and so do not
contribute to the anomaly or its cancellation.
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Model particle? The answer is clearly no! A particle and its superpartner must dif-
fer by one half unit of spin while having the same transformation properties under
the SU(3)×SU(2)×U(1) gauge group, as well as under any global symmetry of the
low-energy effective theory. No two Standard Model particles satisfy this constraint.
For example, although (ν, ℓ)L and one of the Higgs doublets possess the same gauge
quantum numbers, the former has lepton number 1 while the latter has lepton num-
ber 0. If lepton number is to be a good symmetry of the low-energy theory (as
suggested by experiment), the Higgs doublet cannot be a superpartner of one of
the left-handed lepton doublets. A second example involves the only case in the
Standard Model where two particles that differ by a half a unit of spin are degener-
ate in mass: the neutrino and photon. Could this be a supersymmetric multiplet?
Again, the answer is no since the photon (which is a gauge boson) must transform
under the adjoint representation of the gauge group, while the neutrino transforms
as an SU(2) weak doublet. Finally, in light of the enumeration above of the possible
forms of supersymmetry breaking, it is interesting to consider the possibility that
the neutrino is the Goldstone fermion of spontaneously broken supersymmetry. In
fact, it has been shown that this possibility is phenomenologically untenable [43].
The reason is as follows. The Goldstone particle couples to matter with derivative
couplings. This leads to low-energy theorems that imply that the Goldstone particle
decouples in the limit of zero momentum. Neutrino interactions with matter do not
exhibit this property.
1.2. The Low-Energy Supersymmetric Spectrum
Let us use the recipe outlined in section 1.1 to construct the MSSM. The first
step is to add a second complex SU(2)-doublet Higgs field with hypercharge Y = −1
to the Standard Model. I shall denote the Y = −1 [Y = +1] Higgs doublet fields
by H i1 [H
i
2], where i is a weak SU(2) index. Starting with this slightly augmented
version of the Standard Model, we construct the particle spectrum of the MSSM as
discussed in section 1.1. The end result is displayed in table 1.
Before proceeding, it is perhaps appropriate to briefly mention the possibility
of non-minimal supersymmetric extensions of the Standard Model. It is important
to be open to alternative models; after all there is no direct experimental infor-
mation presently available that selects the MSSM particle spectrum as the unique
choice for the low-energy supersymmetric model.
⋆
Possible non-minimal extensions
include [44]:
⋆ There may be indirect evidence from the fact that the three gauge coupling constants taken
as running couplings satisfying the renormalization group equations of the MSSM appear to
coincide (or unify) at a unique high energy scale. I will discuss the possible significance of
this result in section 2.2.
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Table 1. The MSSM Particle Spectrum
Fermionic
Superfield Boson Fields Partners SU(3)C SU(2)L U(1)Y
Gauge Multiplets
Ĝ g g˜ 8 0 0
V̂ W a W˜ a 1 3 0
V̂ ′ B B˜ 1 1 0
Matter Multiplets
L̂
Ê
leptons
{
L˜j = (ν˜, e−)L
E˜ = e˜+R
(ν, e−)L
ecL
1
1
2
1
−1
2
Q̂
Û
D̂
quarks
 Q˜
j = (u˜L, d˜L)
U˜ = u˜∗R
D˜ = d˜∗R
(u, d)L
ucL
dcL
3
3∗
3∗
2
1
1
1/3
− 4/3
2/3
Ĥ1
Ĥ2
Higgs
{
H i1
H i2
(H˜01 , H˜
−
1 )L
(H˜+2 , H˜
0
2 )L
1
1
2
2
−1
1
(i) An extended Higgs sector
The most popular alternative is to add an SU(2)×U(1) Higgs singlet field N and
its supersymmetric partner. More complicated models can possess more than one
such singlet field. Other possibilities involve multiple Higgs “generations”. That
is, replicate the (H1, H2) pair, perhaps in analogy with the structure of the three
quark/lepton generations.
(ii) An extended gauge sector
Instead of taking the low-energy gauge group to be that of the Standard Model,
consider models based on extended gauge groups. Among the possibilities are
SU(3)×SU(2)×U(1)×U(1) with one new Z ′ gauge boson, SU(3)×SU(2)L×SU(2)R
×U(1)B−L with a new Z ′ andW±R gauge bosons, etc. In the early days of superstring
model building, many subgroups of E6 were considered as viable candidates for an
extended low-energy gauge group. Starting with some particular extended gauge
model (with an appropriate Higgs sector to insure proper low-energy electroweak
symmetry breaking), one would proceed according to the recipe of section 1.1 to
construct the supersymmetric extension of the model.
(iii) New fermion multiplets (at the electroweak scale)
For example, E6 models lead to a vector-like isodoublet lepton (N,E
−)⊕ (N,E+)
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which transforms as (1, 2,−1) ⊕ (1, 2, 1) under SU(3)×SU(2)×U(1), a vector-like
isosinglet down-type quark D⊕Dc which transforms as (3, 1,−2/3)⊕(3, 1, 2/3) and
two SU(2)×U(1) singlet neutral leptons which transform as (1,1,0).
Unless otherwise indicated, for the remainder of these lectures I will assume
that the low-energy supersymmetric particle spectrum corresponds to the particle
content of the MSSM as indicated in table 1.
1.3. The Supersymmetric Lagrangian
Having settled on the particle content of the model, the next step is to construct
the supersymmetric interactions. Here, the superfield formalism and two-component
notation for fermions are invaluable. An excellent pedagogical source for the neces-
sary formalism is given in refs. [24] and [25].
⋆
I will not review the superfield for-
malism here; a serious student of supersymmetry would be well advised to master
this formalism before pursuing a more detailed study of this subject. Nevertheless,
the discussion below should be accessible even to those who are not experts in the
superfield technique. Basically, all one needs to know is that superfields consist
of a collection of fields, each differing by a half a unit of spin. In addition, I will
for the most part refrain from using two-component fermions. Instead, I will use
four-component fermion notation. In doing so, I will need to make use of fermions
of definite chirality: ψL ≡ PLψ and ψR ≡ PRψ with
PR,L ≡ 12(1± γ5) . (1.5)
The connection between two-component and four-component notation for fermions
is summarized by the following brief guide and translation table:
ψ =
(
ξ
η¯
)
, ψc = C ψT =
(
η
ξ¯
)
, PL =
(
1 0
0 0
)
, PR =
(
0 0
0 1
)
, (1.6)
where C is the charge conjugation matrix and ψc is a charge-conjugated spinor. If
one introduces the four-vector σµ ≡ (1,−~σ), then the following results translate
between two and four component notation
ψ1PLψ2 = η1ξ2 ψ
c
1PLψ
c
2 = ξ1η2
ψ1PRψ2 = η¯2ξ¯1 ψ
c
1PRψ
c
2 = ξ¯2η¯1
ψc1PLψ2 = ξ1ξ2 ψ1PLψ
c
2 = η1η2
ψ1PRψ
c
2 = ξ¯1ξ¯2 ψ
c
1PRψ2 = η¯1η¯2
ψ1γ
µPLψ2 = ξ¯1σ¯
µξ2 ψ
c
1γ
µPLψ
c
2 = η¯1σ¯
µη2
ψc1γ
µPRψ
c
2 = −ξ¯2σ¯µξ1 ψ1γµPRψ2 = −η¯2σ¯µη1 .
(1.7)
⋆ Note that ref. [24] chooses a convention for the metric tensor that is opposite the Bjorken
and Drell choice [45] used in these lectures.
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Additional results of this type can be found in Appendix A of ref. [16].
The fields in a low-energy supersymmetric model live in one of two types of
superfields. The matter fields live in a complex chiral multiplets Â ≡ (A,ψL, F ),
where the superfield is indicated by a symbol with a caret over it, while the corre-
sponding symbol with no caret indicates the scalar component of the supermultiplet.
In this superfield, A and F complex scalars while ψL is a complex Weyl spinor. F
is called an auxiliary field, since it is a field with no kinetic energy term. That is,
its equations of motion are purely algebraic; consequently it can be re-expressed in
terms of other dynamical fields. The component fields in Â may be either mass-
less or massive fields. The massless gauge fields are components of a massless real
vector superfield V̂ a ≡ (λaL, V µa, Da), where a labels the components of the adjoint
representations of the gauge group. In this superfield, λL is a complex Weyl spinor,
V µ is a massless gauge field, and D is a real auxiliary scalar field.
†
In supersym-
metric theories, the number of bosonic degrees of freedom must equal the number
of fermionic degrees of freedom [eq. (1.1)]. Let us check this fact in the two cases
above. We can either perform the counting off-shell or on-shell. Off-shell, we count
the auxiliary fields as independent degrees of freedom. Moreover, off-shell, each
complex Weyl fermion counts as 4 degrees of freedom, while each gauge field counts
as 3 degrees of freedom. Since a complex scalar represents 2 degrees of freedom,
it is easy to check that the number of bosonic and fermionic degrees of freedom
match in both the chiral and vector superfields. On-shell, one applies the equations
of motion. This removes the auxiliary fields. In addition, the massless vector and
complex Weyl fermion each now have two degrees of freedom corresponding to the
number of physical polarization states (while the counting of physical scalar degrees
of freedom is not changed). Again, it is easy to check that the bosonic and fermionic
degrees of freedom match in both cases.
We have yet to consider how to construct massive gauge fields (and their super-
symmetric partners) in the superfield formalism. In an ordinary non-abelian gauge
theory, massive gauge bosons arise via the Higgs mechanism when a massless gauge
field absorbs a massless Goldstone boson. Similarly, a massless vector superfield can
absorb a chiral superfield whose lowest scalar component is the Goldstone boson.
The end result is a massive vector multiplet that contains the massive gauge field
and its corresponding superpartners. Further details can be found in ref. [46]. How-
ever, in obtaining an explicit form for the supersymmetric Lagrangian, it is sufficient
to write the supersymmetric interactions in terms of the chiral and massless vector
superfields. The Higgs mechanism can then be invoked to generate the massive
gauge bosons in the standard way.
† I am implicitly using the so-called Wess-Zumino gauge in which all other field components
of V̂ are set to zero. In this gauge, V̂ has the important property that V̂ aV̂ bV̂ c = 0 as well
as all higher powers of V̂ . For further details see, e.g., ref. [25].
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In order to construct supersymmetric interactions, it is necessary to learn how
to construct an action (i.e., the integral of the Lagrangian over spacetime) that is
invariant under supersymmetric transformations. This procedure is well described
in the pedagogical literature [24-26] and will not be repeated here. But the basic
results are easy to describe. If one multiplies two chiral superfields together, the
result is a new chiral superfield. If one multiplies a chiral superfield by its conjugate
or multiplies a vector superfield by itself, the result is a (massive) vector superfield.
One can show that the highest component of a chiral superfield (the “F -term”) and
the highest component of a vector superfield (the “D-term”) transform as full di-
vergences under a supersymmetry transformation. Thus, by multiplying superfields
together and extracting their F and D terms, one is guaranteed to end up with a
viable term for a supersymmetric Lagrangian, since the corresponding term in the
action would be invariant under a supersymmetry transformation. If we restrict
the terms appearing in the Lagrangian to dimension 4 or less (so that the resulting
theory is renormalizible), then it is easy to generate all possible supersymmetric
terms in the Lagrangian after a few superfield multiplications.
Suppose we are given some chiral supermultiplets, which contain the matter
fields and massless vector supermultiplets which contain gauge fields corresponding
to a gauge group G with structure constants fabc and gauge coupling constant g.
If G is a non-simple group then there is a separate massless vector supermultiplet
and an independent coupling constant for each simple component or U(1) factor in
G. The fermionic partners of the gauge fields (the gauginos) were denoted above by
λL. The gaugino is a real Majorana fermion which shares the same gauge quantum
numbers as its partner gauge boson. Henceforth, I shall use four-component fermion
notation, in which case the Majorana gaugino will be denoted by V˜ .
I now enumerate all possible supersymmetric interaction terms involving matter
fields and gauge fields.
1. Self-interaction of the gauge supermultiplet
In a non-supersymmetric gauge theory, one must define the gauge field strength
tensor F aµν . The kinetic energy term for the gauge fields is simply −14F aµνF aµν . For
non-abelian gauge groups, this term also yields the self-couplings of the gauge fields
(V 3 and V 4 interactions); such interactions are of course absent for abelian gauge
fields. The supersymmetric generalization introduces the chiral spinor superfield Ŵα
which can be defined in terms of V̂ using the supersymmetric covariant derivative.
This superfield contains F aµν as a term in one of its components. With the overall
normalization of Ŵα appropriately chosen, the gauge and gaugino kinetic energy
terms can be found in
Lgauge = [ŴαŴα]F + h.c. , (1.8)
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where the subscript F indicates that the F -term of the resulting product should
be extracted. Details of this formalism can be found in refs. [24, 25]. Here, I shall
simply summarize the results of this procedure. In the case of a supersymmet-
ric non-abelian gauge theory, eq. (1.8) also contains interactions among the gauge
bosons and gauginos. The self-couplings of the gauge fields are precisely those of
a general non-abelian gauge theory. This is to be expected, since the gauge boson
self-interactions follow from the requirements of gauge invariance alone. In addition,
there is an interaction between the gauge field and the Majorana gaugino
L
V V˜ V˜
= 12igfabcV˜
aγµV˜ bV cµ , (1.9)
whose form also follows from gauge invariance. The purely vector interaction dis-
played in eq. (1.9) is a consequence of the Majorana nature of the gaugino which
implies that fabcV˜
aγµγ5V˜
b = 0 (due to the antisymmetry of fabc).
If G is not simple, then G must be a direct product of simple group and U(1)
factors; the coupling g then depends implicitly on the indices a, b and c as they run
over the various pieces of G. In particular, for the U(1) parts of the gauge group, the
corresponding fabc vanish. This implies, for example, that there is no interaction
between the U(1)-gaugino (V˜ ′) and the U(1) gauge field (V ′µ ).
2. Interaction of gauge and matter supermultiplets
In an ordinary gauge theory, the interaction of the gauge and matter fields
follows from the gauge invariance of the theory. In particular, these interactions
arise from the kinetic energy terms of the matter fields, in which the ordinary
derivatives have been replaced by gauge covariant derivatives. The supersymmetric
generalization of this mechanism is most easily exhibited in the superfield formalism.
The requisite terms arise from
[
Â+e2gV̂ Â
]
D
=
[
Â+Â+ 2gÂ+V̂ Â+ 2g2Â+V̂ 2Â
]
D
, (1.10)
where the subscript D indicates that the D-term of the corresponding product of
superfields should be extracted. In eq. (1.10), I have defined V̂ ≡ V̂ aT a, where
T a are the gauge group generators in the representation of the matter superfield
Â. Note that I have used the fact that (V̂ )n = 0 for n ≥ 3 which is an important
property of the massless vector superfield in the Wess-Zumino gauge. The first
term in eq. (1.10), [A+A]D, simply yields the kinetic energy terms of A and ψL.
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The remaining terms contain the desired supersymmetric interactions
L = − gT aijV aµ
(
ψiγ
µPLψj + iA
∗
i
↔
∂
µ
Aj
)
−
√
2gT aij
(
V˜ aPLψjA
∗
i + ψjPRV˜
aA˜i
)
+ g2(T aT b)ijV
a
µ V
µbA∗iAj ,
(1.11)
where PR,L are defined in eq. (1.5), i and j label the components of the matter
fields, and a and b are adjoint representation indices of the gauge group.
If the gauge group is a direct product of simple group and U(1) factors, then
we must associate a different gauge coupling with each subgroup factor. Consider
an example where G is the product of a simple group and U(1). Let V ′ [V˜ ′] be the
U(1) gauge [gaugino] field. Then eq. (1.11) should be modified by replacing gT aij
(∼)
V a
with
gT aij
(∼)
V a + 12g
′yiδij
(∼)
V
′
(no sum over i) , (1.12)
where g′ is the U(1) gauge coupling constant and yi is the U(1) quantum number
normalized in a similar way to hypercharge in the Standard Model.
3. Self-interaction of the matter supermultiplet
Here, there are contributions from D-terms and F -terms. If the gauge group
G contains no U(1) factors, then the D-terms arise from two sources. The kinetic
energy term of the gauge multiplet yields 12D
aDa, and the term proportional to
[Â+e2gV̂ Â]D in eq. (1.10) yields gD
aT aijA
∗
iAj . Thus,
LD = 12DaDa + gDaT aijA∗iAj . (1.13)
The equations of motion for Da are trivial and yield
Da = −gT aijA∗iAj . (1.14)
Substituting back into eq. (1.13) yields LD = −12DaDa with Da given in eq. (1.14).
This is a contribution to the scalar potential
VD =
1
2D
aDa , (1.15)
where Da is a function of the scalar fields as specified in eq. (1.14).
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If the gauge group contains a U(1) factor, then there is one additional source
for the D-terms. Namely, the term [2ξV̂ ′]D ≡ ξD′ is gauge invariant (and therefore
provides an acceptable term for the supersymmetric Lagrangian) if V̂ ′ is a U(1)
gauge vector superfield. The constant ξ is a new parameter of the model, called
the Fayet-Iliopoulos term [47]. If one includes this additional term in the analysis
above, then D′ can be evaluated from its equations of motion. Instead of eq. (1.14),
one finds
D ′ = −12g ′yiA∗iAi − ξ , (1.16)
where the notation follows eq. (1.12), although in this case, there is an implicit sum
over the repeated index i. If U(1) is just one of the group factors in G, then we
must modify eq. (1.15) to
VD =
1
2 [D
aDa + (D′)2] , (1.17)
The F -term contribution to the self-interaction of the matter supermultiplet
derives from the term
[W (Âi)]F + h.c. =
∂W
∂Ai
Fi + h.c. , (1.18)
whereW is an arbitrary gauge-invariant function of the chiral superfields Âi (defined
via its power series expansion) called the superpotential. It is important to note that
W is analytic in the chiral superfields (i.e., W depends on the Âi but not on the
Â∗i ). Finally, ∂W/∂Ai means: form W (Ai), as a power series in Ai, by replacing the
superfield Âi by its lowest scalar component Ai, and then compute the derivative.
Below eq. (1.10), I noted that the matter kinetic energy terms arise from [A†A]D.
This term also produces one additional term, F ∗i Fi. It is traditional to combine this
term with that of eq. (1.18) and call the result the F -term contribution to the scalar
Lagrangian
LF = F ∗i Fi +
(
∂W
∂Ai
Fi + h.c.
)
. (1.19)
The equations of motion for F i are trivial and yield
F ∗i = −
∂W
∂Ai
, Fi = −
(
∂W
∂Ai
)∗
, (1.20)
Substitution back into eq. (1.19) yields LF = −F ∗i Fi with Fi and F ∗i given in
eq. (1.20). This is a contribution to the scalar potential
VF = F
∗
i Fi , (1.21)
where Fi and F
∗
i are functions of the scalar fields as specified in eq. (1.20). This
completes the specification of the complete scalar potential which is a sum ofD-term
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and F -term contributions
V = VD + VF , (1.22)
where VD and VF are to be expressed in terms of the scalar fields as explained above.
Finally, [W (Âi)]F also contains fermion mass terms and Yukawa interactions
LY = −12
[
∂2W
∂Ai∂Aj
ψciPLψj +
(
∂2W
∂Ai∂Aj
)∗
ψjPRψ
c
i
]
. (1.23)
The appearance of charged-conjugated fields in the above equation is somewhat awk-
ward, but is unavoidable in supersymmetric models when four-component fermion
notation is used [see eq. (1.7) for the translation into two-component notation].
So far, we have not specified the superpotential W . However, if one imposes
the requirement that the interactions obtained above contain no terms higher than
dimension-4 (so that the theory is renormalizible), then W is at most cubic in its
superfields,
W (Âi) = fiÂi +mijÂiÂj + λijkÂiÂjÂk . (1.24)
Each term in W (Âi) must be a gauge invariant product of the Âi. For example,
fi = 0 if the corresponding Âi is non-singlet under the gauge group.
1.4. Supersymmetry Breaking
In the previous sections, I outlined the steps needed to construct a supersym-
metric extension of an arbitrary gauge field theory. However, to construct a realistic
model of low-energy physics, the supersymmetry must be broken.
First, let us consider theories of global (N = 1) supersymmetry. The defining
anticommutation relations satisfied by the supersymmetric generators is
{Qα, Qβ˙} = 2σµαβ˙Pµ (1.25)
in two-component notation, where σµ ≡ (1, ~σ) and Pµ is the momentum operator.
Since H = P0, it follows that [9]
〈0|H|0〉 = 14
〈
0|Q1Q1 +Q1Q1 +Q2Q2 +Q2Q2 |0
〉 ≥ 0 . (1.26)
Unbroken supersymmetry implies that Qα|0〉 = 0. Thus, 〈0|H|0〉 = 0 if and only if
supersymmetry is unbroken, while 〈0|H|0〉 is strictly positive if and only if super-
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symmetry is broken. Since 〈0|H|0〉 = 〈0|V |0〉 with
V = F ∗i Fi +
1
2 [D
aDa + (D ′)2] (1.27)
as deduced in the previous section, we conclude that supersymmetry is sponta-
neously broken if either
〈0|Fi|0〉 6= 0 O’Raifeartaigh breaking [48] (1.28)
and/or
⋆
〈0|Da|0〉 6= 0 and/or 〈0|D ′|0〉 6= 0 Fayet-Iliopoulos breaking [47] (1.29)
As a consequence of the global spontaneous supersymmetry breaking, the particle
spectrum contains a massless spin-1/2 Goldstone fermion (called a Goldstino) which
is typically the fermionic partner of the corresponding F or D term with non-zero
vacuum expectation value.
Examples of each of these mechanisms are illustrated in refs. [24,25]. How-
ever, realistic models of broken global supersymmetry based on either of these two
mechanisms are very difficult to construct. Let me explain why this approach to su-
persymmetry breaking has been abandoned by serious model builders. In unbroken
supersymmetry, superpartners have degenerate masses. In models of spontaneously
broken supersymmetry, the mass degeneracy among superpartners is broken. Con-
sider the full supersymmetric Lagrangian and compute the scalar field-dependent
squared masses of all fields. For simplicity, I will at first omit the possibility of
a Fayet-Iliopoulos term (i.e., ξ = 0). It is convenient to separately consider the
contributions from vector, spinor and scalar fields of the model. The contribution
from vector fields arises from the last term of eq. (1.11). The result is
(M2V )ab = 2g2(TaTb)ijA∗iAj . (1.30)
The squared mass matrices of the fermions and scalars can also be obtained by
examining the full supersymmetric Lagrangian. Now, take the trace of the resulting
squared mass matrices. Since (T aT a)ij = C2(R)δij where C2(R) is the quadratic
⋆ One can show that Fayet-Iliopoulos D-term breaking is possible only if the model possesses
a nonzero Fayet-Iliopoulos parameter ξ 6= 0.
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Casimir operator in representation R of the scalar fields, it follows that
TrM2V = 2g2C(R)A∗iAi . (1.31)
Similarly, one finds [49]
TrM2F = 2
∣∣∣∣ ∂2W∂Ai∂Aj
∣∣∣∣2 + 4g2C(R)A∗iAi ,
TrM2S = 4
∣∣∣∣ ∂2W∂Ai∂Aj
∣∣∣∣2 + 2g2C(R)A∗iAi .
(1.32)
From eqs. (1.31) and (1.32), it follows that
StrM2 ≡ 3TrM2V + TrM2S − 2TrM2F = 0 . (1.33)
It should be noted that this results holds for arbitrary values of the scalar fields!
Thus, this mass-squared sum rule holds even if supersymmetry is spontaneously
broken (by vacuum expectation values of scalar fields). The mass-squared sum rule
is a tree-level result of the theory. Later on in this section, I will consider the
implications of radiative corrections to this result.
The mass-squared sum rule is a consequence of the cancellation of quadratic
divergences in supersymmetry. To see this, consider the one-loop effective scalar
potential. From eq. (2.75) of my TASI-90 lectures [50],
V (1)(φ) =
Λ2
32π2
StrM2i (φ) +
1
64π2
Str
{
M4i (φ)
[
ln
M2i (φ)
Λ2
− 12
]}
, (1.34)
where Mi(φ) is the scalar dependent mass matrix and Λ is an ultraviolet cut-off.
Thus, StrM2i (φ) = 0 implies an absence of scalar field-dependent quadratic diver-
gences in the effective potential. In general, one can show that even in spontaneously
broken supersymmetry, no field-dependent quadratic divergences are generated in
any Green function. Thus, spontaneous global supersymmetry breaking is soft-
supersymmetry-breaking, as expected.
The mass-squared sum rule is slightly more general than the form given in
eq. (1.33). In particular, because the F -term and D-term contributions to the
supersymmetric Lagrangian are independent, eq. (1.33) holds separately for the
gauge sector and matter sector, respectively. For example,
TrM2S − 2TrM2F
∣∣
matter
= 0 . (1.35)
Unfortunately, eq. (1.35) leads to a phenomenological disaster. For example, if this
result is applied to the lepton supermultiplet: (ℓ˜L, ℓ˜R; ℓ), it would imply that one of
the sleptons must be lighter than the corresponding lepton partner, which is clearly
unacceptable.
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Let us consider possible approaches to supersymmetry breaking which avoid the
mass-squared sum rule problem.
1. The Fayet-Iliopoulos mechanism.
The scalar field-dependent mass-squared sum rule was derived above under the
assumption that there was no Fayet-Iliopoulos term (ξ = 0). If ξ 6= 0 then eq. (1.33)
is modified to [7]
StrM2 = −2gaDaTrT a . (1.36)
Note that TrT a 6= 0 is possible only if T a is a U(1) generator. Also, we noted in
a footnote to eq. (1.29) that D-term supersymmetry breaking requires a nonzero ξ;
i.e., 〈D〉 must be proportional to ξ.
In the Standard Model, the trace of the hypercharge U(1) generator is zero
(summing over complete multiplets), so the mass-squared sum rule does not de-
pend on whether one introduces a Fayet-Iliopoulos term corresponding to the hy-
percharge. Thus, the mass-squared sum rule problem remains. If one is prepared to
add additional U(1) gauge group factors to the Standard Model (along with their
corresponding Fayet-Iliopolous factors ξ), then it may be possible to circumvent the
mass-squared sum rule problem through the generation of a nonzero term on the
right-hand side of eq. (1.36). By making clever choices for the quantum numbers
of the usual Standard Model fermions under the new U(1) factors, one can perhaps
raise the masses all squarks and sleptons [51]. However, this approach is problem-
atical for a number of reasons. First, by adding new U(1) factors to the low-energy
gauge group, one reintroduces the possibility of new U(1) gauge anomalies. It is
very difficult to construct a model of this type in which all gauge anomalies are
absent [52]. Even if one succeeds in cancelling off the gauge anomalies, one cannot
cancel off the mixed gauge and gravitational anomalies. As shown in ref. [53], the
cancellation of anomalies of the latter type requires that all U(1) generators are
traceless. If this latter condition is satisfied then the right-hand-side of eq. (1.36)
must vanish, and the mass-squared sum rule problem remains. Moreover, consider a
supersymmetric model which contains a non-zero Fayet-Iliopoulos term and a U(1)
generator which is not traceless. Then, one can prove that such a model is not
free of quadratic divergences [54]. In particular, a quadratic divergence arises in
the renormalization of ξ. This is apparent in the effective potential argument given
above. Using eq. (1.34), it follows that a quadratic divergence arises if StrM2i 6= 0.
From eq. (1.36), this is indeed the case when TrT a 6= 0 for some group generator.
Since the cancellation of quadratic divergences is crucial to the naturalness prop-
erties of the supersymmetric theory, I shall reject theories with low-energy gauge
group generators that are not traceless. As a result, the mass-squared sum rule
problem is not alleviated.
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2. Radiative corrections
The mass-squared sum rules obtained above are tree-level results. One can avoid
their dire phenomenological consequences if one can generate supersymmetry break-
ing in the low-energy sector at the loop level. Models of this type been constructed,
although they are quite contrived [55]. Moreover, once it was realized that radia-
tive corrections could have an important impact on the effective low-energy broken
supersymmetric theory, it became apparent that gravitational radiative corrections
(which arise from Planck scale physics) can also lead to appreciable contributions
to the low-energy theory [56, 57]. Thus, instead of constructing extremely contrived
models of broken global supersymmetry, the attention of theorists turned to models
of broken local supersymmetry. A local supersymmetric theory is a theory of super-
gravity. This then leads to the modern approach of realistic models of low-energy
supersymmetry which avoid the tree-level mass-squared sum rule problem.
3. Supergravity
Consider a globally supersymmetric gauge theory with chiral matter supermul-
tiplets. If the supersymmetry is now promoted to a local supersymmetry, then the
model contains Einstein’s gravity in the classical limit [58]. The procedure of cou-
pling matter to supergravity is not unique. For example, one can consider canonical
kinetic energy terms for the matter superfields coupled to supergravity; in this case,
one says that the chiral multiplets are minimally coupled to supergravity.
⋆
In su-
pergravity models, the spin-2 graviton is a member of a supermultiplet along with
a spin-3/2 gravitino. In a model of unbroken supergravity, both the graviton and
gravitino are massless. If the supergravity is spontaneously broken, the gravitino
gains mass via the super-Higgs mechanism—the Goldstone fermion of broken su-
persymmetry is absorbed (“eaten”) by the massless gravitino [59]. The degrees of
freedom are conserved: the Goldstone fermion and massless gravitino each have two
degrees of freedoms, while the massive gravitino possesses four degrees of freedom.
Cremmer et al. [60] derived the appropriate sum rule for spontaneously bro-
ken supergravity. Given N chiral multiplets minimally coupled to supergravity,
eq. (1.36) is modified to
StrM2 = (N − 1) (2m23/2 − κ2DaDa)− 2gaDa TrT a , (1.37)
where m3/2 is the gravitino mass and κ ≡ (8πGN )1/2 = (8π)1/2/MP (where GN is
Newton’s constant). For the reasons explained above, I will not make use of the
⋆ More complicated non-minimal couplings can be constructed. Since supergravity models,
treated as field theories are inherently non-renormalizible, one cannot use renormalizibility
as a condition to restrict the possible forms of the couplings.
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Fayet-Iliopoulos mechanism. In this case, I can take 〈D〉 = 0 so that the particle
masses then satisfy
StrM2 = 2(N − 1)m23/2 . (1.38)
If m3/2 ≃ O(100 GeV) or larger, then supersymmetric particle masses will be raised
above their Standard Model partner masses as required by the present experimen-
tal limits on supersymmetry. Thus, the mass-squared sum rule problem of global
supersymmetry is no longer a problem in supergravity models if the gravitino mass
is sufficiently heavy.
To be complete, it should be noted that the mass-squared sum rules just quoted
are tree-level results. In “no-scale” supergravity models, m3/2 is undetermined at
tree-level [18]. This means that in effect, the gravitino remains massless at tree-level
and only acquires mass via radiative corrections. In this case, the right-hand side of
eq. (1.38) is once again zero (at tree-level), although in this case, gravitational radia-
tive corrections are important and can be used to make the superparticle spectrum
phenomenologically viable. Given that supergravity theories are not renormalizible,
it is not clear how to carry out this procedure in practice.
In light of the above results, it appears that supergravity presents the most
compelling framework for constructing a viable model of broken supersymmetry.
But, we are interested in low-energy supersymmetry, where superparticle masses lie
in the range of roughly 100 GeV to 1 TeV. Thus, we must arrange to have m3/2 (or
the effective supersymmetry-breaking scale in the low-energy theory) to lie within
this mass range. This is a very strong constraint on the supergravity theory. For
example, one might have guessed that the most natural supersymmetry-breaking
scale in a theory of broken supergravity is the Planck mass. However, in this case,
the resulting theory would fail to solve the hierarchy and naturalness problems of
the Standard Model.
The origin of supersymmetry breaking is perhaps the most pressing theoret-
ical problem in fundamental theories of supersymmetry. To discuss these issues
in detail would require another course of lectures. Instead, I will briefly outline
the most common scenario for producing low-energy supersymmetry from a more
fundamental broken supergravity model. This scenario has been called the hidden
sector scenario [57]. In this scenario, one posits two sectors of fields. One sector
(called the “visible” sector) contains all the fields of the Standard Model (and per-
haps additional heavy fields in a grand unified model of the strong and electroweak
forces). A second “hidden” sector contains fields which lead to the breaking of su-
persymmetry at some large scale ΛSUSY. One assumes that none of the fields in the
hidden sector carry quantum numbers of the visible sector. Thus, the two sectors
are nearly decoupled; they communicate only by weak gravitational interactions.
Thus, the visible sector only finds out about supersymmetry breaking through its
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very weak gravitational coupling to the hidden sector. In the visible sector, the
effective scale of supersymmetry breaking (denoted by MSUSY) is therefore much
smaller than ΛSUSY. A typical result is
MSUSY ≃
ΛnSUSY
Mn−1P
, (1.39)
depending on the mechanism for supersymmetry breaking in the hidden sector. Two
popular models for the breaking mechanism is the Polonyi model (where n = 2)
based on F -type breaking in the hidden sector (i.e., some F -term acquires a vac-
uum expectation value), and gaugino condensate models [61] (where n = 3). In
both cases, ΛSUSY can be quite large, above 10
10 GeV, while still producing MSUSY
of order 1 TeV or less. Indeed, in these scenarios, supersymmetry has the potential
for solving the hierarchy and naturalness problems described in the Introduction.
Unfortunately, there is one unsolved fine-tuning problem (not previously mentioned)
which remains, called the cosmological constant problem [62]. Once we take gravity
into account in our particle theories, the vacuum energy density (Λ0) is a physical
quality which in principle is calculable in a fundamental theory of gravity. Theo-
retically, the vacuum energy density would naively expected to be of order M4NP ,
but this is not our universe. (A universe with such a large vacuum energy density
would have a lifetime of order the Planck time, h¯/MP c
2 ≃ 10−43 sec!) Thus, based
on the fact that the universe has endured over 10 billion years (and looks very flat
at large scales), Λ0/M
4
NP < 10
−121. This is the mother of all fine-tuning and nat-
uralness problems! The extent of the fine-tuning problem is slightly alleviated in
broken supersymmetric models. But at best,M4NP is replaced byM
4
SUSY. In models
of spontaneously supergravity breaking, there is some freedom that allows a fine-
tuning of parameters to set the cosmological constant to zero. All model builders
must do this in order to have a theoretically consistent framework. Whether the
cosmological constant problem must be solved before a theoretically viable model
of supersymmetry breaking can be established is not known. However, even if the
two problems are logically distinct, a compelling and theoretically consistent model
of supersymmetry breaking has yet to be obtained.
⋆
Thus, for the moment, we shall
be content with the overall scenario described above, leaving the details to future
theoretical work.
From now on, let us assume that the hidden sector scenario has been success-
fully implemented. Then, if one considers the resulting spontaneously broken su-
pergravity theory and takes MP → ∞, then at low-energies of order MSUSY, the
theory has the following structure. The effective low-energy theory at MSUSY is a
⋆ Perhaps this goal is unattainable without a better understanding of superstring theory and
how the “low-energy” effective supergravity theory emerges at the Planck scale [63].
22
supersymmetric gauge theory coupled to chiral supermultiplets, with explicit soft-
supersymmetry-breaking terms and a massive gravitino of order MSUSY.
†
The ex-
plicit supersymmetry breaking terms are of a very particular type [57]:
(i) Majorana mass terms for gauginos
−Lmass = 12
[
M3 g˜ g˜ +M2W˜
aW˜ a +M1B˜B˜
]
. (1.40)
(ii) The scalar potential is modified by terms proportional to the gravitino mass
V = VF + VD +m3/2 [h(Ai) + h.c.] +m
2
3/2 SijA
∗
iAj . (1.41)
In eq. (1.41), h is a cubic polynomial analytic in the scalar fields Ai, and Sij are
model-dependent constants. In the hidden sector scenario of supergravity breaking
with minimally coupled chiral supermultiplets, Sij = δij . In addition, h(Ai) takes
the following form
h(Ai) = A˜W3(Ai) + B˜ W2(Ai) , (1.42)
whereW3 andW2 are the cubic terms and the quadratic terms of the superpotential,
respectively, and A˜ and B˜ are model-dependent parameters. For example, in the
simplest Polonyi models, B˜ = A˜ − 1, although this relation does not hold in more
general models.
The supergravity induced soft terms described above should be regarded as
terms of an effective Lagrangian evaluated near the Planck scale. The renormal-
ization group is then used to evolve these terms down to the electroweak scale. In
conclusion, explicit supersymmetry breaking (SSB) in the low-energy effective bro-
ken supersymmetric model at the energy scaleMSUSY is parametrized by: Majorana
mass terms for the gauginos given in eq. (1.40) and the following addition to the
scalar potential
VSSB =M
2
i A
∗
iAi +
∑
n
AnW3n(Ai) +
∑
n
BnW2n(Ai) , (1.43)
where each separate term in W3 ≡
∑
n
W3n and W2 ≡
∑
W2n is weighted by a
different A and B parameter. Note that I have absorbed the factor of m3/2 into the
definitions of An and Bn.
† In models where the gravitino mass is generated by radiative corrections, it is possible to end
up with a gravitino whose mass is not connected to M
SUSY
. In this case, the factors of m3/2
that appear in eq. (1.41) would be replaced by some other parameter of order M
SUSY
. Since
the gravitino will play almost no role in these lectures, I will not pursue these alternative
possibilities any further.
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Finally, we note that all the explicit supersymmetry breaking terms obtained
above are soft. To verify this, one must demonstrate that no new quadratic di-
vergences are generated by the explicitly broken supersymmetric theory. To this
end, let us check the one-loop effective potential by computing StrM2i (φ). Indeed,
an explicit calculation shows that StrM2i (φ) is non-zero and proportional to m
2
3/2;
however, it is independent of φ. Constant (field-independent) terms in the effective
potential can be dropped, since they only affect the cosmological constant term
which must be fine-tuned to zero anyway. Thus, the analysis of the one-loop effec-
tive potential is consistent with the claim that no new (field-dependent) quadratic
divergences are generated. Thus, spontaneously broken supergravity yields soft-
supersymmetry breaking in the effective low energy theory.
One might be tempted to conclude that all explicit supersymmetry-breaking
terms of dimension 3 or less are soft. This is not correct, as was shown by Gi-
rardello and Grisaru [7]. Two counter-examples are: (i) explicit mass terms for
matter fermions, and (ii) cubic scalar interactions that mix Ai and A
∗
i . Both these
terms generate terms in StrM2i (φ) that are linear in the scalar fields (i.e., tad-
poles) that are neutral under the gauge group. Thus, the effective potential analysis
demonstrates that these terms can generate new nontrivial quadratic divergences.
(Ref. 7 also makes use of a clever technique involving a spurion superfield to sim-
ulate supersymmetry breaking and reaches the same conclusions.) However, in the
absence of completely gauge neutral chiral multiplets, gauge invariance forbids tad-
poles, in which case it appears that even the two cases just cited do not generate
new nontrivial quadratic divergences [64]. Nevertheless, such terms do not seem to
emerge from any theory of spontaneous supergravity breaking.
1.5. The Definition of the MSSM
After this rather long journey into the theory of supersymmetry and its breaking,
we are ready to formally define the MSSM. The particle content has already been
displayed in section 1.2. Thus, we must address the question of supersymmetric
interactions and soft-supersymmetry-breaking terms. I shall proceed as much as
possible from the low-energy point of view. That is, I will accept a general form for
the soft-supersymmetry-breaking without inquiring into its origins.
The supersymmetric interactions are known once we specify the superpotential.
The most general gauge-invariant superpotential has the following form:
W =WR +WNR . (1.44)
First, WR is given by
WR = ǫij
[
hτ Ĥ
i
1L̂
jÊ + hbĤ
i
1Q̂
jD̂ − htĤ i2Q̂jÛ − µĤ i1Ĥj2
]
. (1.45)
Here we use ǫij to combine two SU(2)L doublets [where ǫij = −ǫji with ǫ12 = 1]. The
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parameters introduced above are the Yukawa coupling matrices hτ , hb and ht (these
are 3 × 3 matrices in generation space) and the Higgs superfield mass parameter,
µ. Generation labels have been suppressed. If we were to ignore the first two light
generations of quarks and leptons, then hτ , hb and ht would be proportional to the
corresponding fermion masses
⋆
hτ =
gmτ√
2mW cosβ
, hb =
gmb√
2mW cos β
, ht =
gmt√
2mW sin β
, (1.46)
where tan β ≡ 〈H02〉 / 〈H01〉 is the ratio of neutral Higgs vacuum expectation values.
The generation structure of the Yukawa coupling matrices corresponds to that of
the two-Higgs-doublet extension of the Standard Model [65]. The MSSM sheds no
light on the origin of the flavor dependence of the model.
Second, WNR is given by
WNR = ǫij
[
λLL̂
iL̂jÊ + λ ′LL̂
iQ̂jD̂ − µ ′L̂iĤj2
]
+ λBÛD̂D̂ , (1.47)
where generation labels are again suppressed. For example, the flavor indices on λL
must be such that it is antisymmetric upon interchange of L̂i and L̂j . One quickly
observes that the terms in WNR violate either baryon number (B) or lepton number
(L). Specifically,
L̂L̂Ê, L̂Q̂D̂, L̂Ĥ ∆L 6= 0 ,
Û D̂D̂ ∆B 6= 0 .
(1.48)
In the MSSM, one sets WNR = 0. In this regard, the MSSM is not as elegant
as the Standard Model. Recall that if one imposes SU(3) × SU(2) × U(1) on all
possible Standard Model interactions, one finds that all terms of dimension 4 or
less automatically preserve B and L. Clearly, this is no longer the case in the
supersymmetric extension of the Standard Model. How does one impose WNR = 0
in the MSSM? Here, we introduce a discrete symmetry to do our dirty work. There
are two equivalent descriptions:
(i) Matter parity [66]
The MSSM does not distinguish between Higgs and quark/lepton superfields. We
define a discrete matter parity under which all quark/lepton superfields are odd
while the Higgs superfields are even.
⋆ The signs in eq. (1.45) have been chosen so that hτ , hb, and ht (in the one generation case)
are positive. The sign of µ is conventional.
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(ii) R-parity [8]
In superspace, a chiral superfield is
Â = A(x) +
√
2θψ(x) + θθF (x) . (1.49)
Under a continuous U(1)R symmetry, θ → eiαθ and Â → einαÂ. In this case, the
superfield Â has R = n. This means that the component fields have R(A) = n,
R(ψ) = n − 1, and R(F ) = n − 2. The superpotential W must have R(W ) =
2 in order that the theory conserve U(1)R, since [W ]F + h.c. appearing in the
supersymmetric Lagrangian must be neutral under R-parity. Thus, in order to set
WNR = 0, one may choose
R = 1 for Ĥ1, Ĥ2 ,
R = 12 for L̂, Ê, Q̂, Û , D̂ .
(1.50)
In fact, the imposition of the full continuous U(1)R symmetry is too restrictive.
Consider the gauge supermultiplet, V̂ . Since V̂ is real, we must have R(V̂ ) = 0
which means that R(Vµ) = R(D) = 0 and R(λ) = 1. That is, the U(1)R symmetry
forbids a nonzero Majorana mass for the gaugino. In the MSSM, Majorana mass
terms for the gaugino are generated by the soft-supersymmetry-breaking terms.
Since these terms are quadratic in λ, the Majorana gaugino mass terms break the
continuous U(1)R symmetry down to a discrete Z2 symmetry called R-parity. It is
easy to check that the R-parity quantum number is given by
R = (−1)3(B−L)+2S (1.51)
for particles of spin S. By imposing R-parity invariance, on the low-energy super-
symmetric model, WNR = 0.
⋆
Before introducing the soft-supersymmetry-breaking terms, the model we have
just defined is a supersymmetric SU(3)×SU(2)×U(1) gauge theory with three gener-
ations of quarks and leptons, two complex Higgs doublets and their supersymmetric
partners. It is interesting to note that the model as it stands now does not sponta-
neously break the SU(2)×U(1) electroweak gauge group. This is easily demonstrated
⋆ Interesting alternative supersymmetric models exist in which the R-parity symmetry de-
scribed above is modified. Among such models are R-parity-violating models, and models
that promote the Z2 R-parity of the MSSM to a larger discrete symmetry group [67] or even
to the full continuous U(1)R symmetry [68]. In the latter case, one must introduce new
color octet fermions to mix with the gluinos [69], in which case U(1)R-symmetric massive
color-octet Majorana fermions are permitted. Such alternatives lie beyond the scope of these
lectures.
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by examining the Higgs boson contributions to the scalar potential [see eqs. (1.17)
and (1.21)]. Explicitly,
VHiggs = |µ|2
(|H1|2 + |H2|2)+ 18(g2 + g′2) (|H1|2 − |H2|2)2 + 12g2|H∗1H2|2 , (1.52)
which implies that VHiggs ≥ 0. Thus the minimum of the potential is H1 = H2 = 0
and we conclude that the electroweak symmetry group is unbroken. One should
not be alarmed by this result, since we have not yet added the soft-supersymmetry-
breaking terms. However, it may be theoretically useful to have a supersymmetric
SU(2)L×U(1)Y model where the gauge symmetry breaks down to U(1)EM while
maintaining the supersymmetry intact. Although the MSSM does not allow this
(as shown above), one can construct an exact supersymmetric model with tree-level
SU(2)L×U(1)Y breaking by adding a chiral Higgs superfield, N̂ , which is neutral
under the gauge group. This allows additional terms in the superpotential of the
form
†
δW = λǫijĤ
i
1Ĥ
j
2N̂ − rN̂ − 13kN̂3 . (1.53)
Regions of (λ, r, k) parameter space exist where the new Higgs potential has its
minimum away from H1 = H2 = 0, thereby breaking SU(2)L× U(1)Y down to
U(1)EM. This model, along with the attendant soft-supersymmetry-breaking terms
has been called the minimal non-minimal supersymmetric model (MNMSSM) [70].
I will not consider this model further in these lectures.
In order to complete the description of the MSSM, one must examine the possible
soft-supersymmetry breaking terms. Following the rules described in the previous
section, I enumerate all possible soft terms below that respect R-parity:
Vsoft = m
2
1|H1|2 +m22|H2|2 −m212(ǫijH i1Hj2 + h.c.)
+M2
Q˜
[
t˜∗Lt˜L + b˜
∗
Lb˜L
]
+M2
U˜
t˜∗Rt˜R +M
2
D˜
b˜∗Rb˜R
+M2
L˜
[ν˜∗ν˜ + τ˜∗Lτ˜L] +M
2
E˜
τ˜∗Rτ˜R
+
g√
2mW
ǫij
[
mτAτ
cosβ
H i1 ℓ˜
j
Lτ
∗
R +
mbAb
cosβ
H i1 q˜
j
Lb˜
∗
R −
mtAt
sin β
H i2 q˜
jt∗R
]
+ 12
[
M3 g˜ g˜ +M2W˜
aW˜ a +M1B˜B˜
]
,
(1.54)
where ℓ˜L ≡
(
ν˜
e˜L
)
and q˜L ≡
(
t˜L
b˜L
)
. As before, the generational labels are suppressed
† Note that I have omitted a term in δW proportional to N̂2, since such a term can be removed
by a linear shift in the definition of the N̂ superfield.
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and third generation notation is used.
‡
If one strictly follows the rules of the previous
section, then m212 ≡ Bµ where µ is the Higgs superfield mass parameter.
We have now assembled all the pieces of the MSSM. To proceed, we next examine
the mass eigenstates of the theory. This is not a completely trivial analysis, since
any set of particles of a given spin, B, L and SU(3)C × U(1)EM quantum numbers
can mix. Thus, one must diagonalize mass matrices to obtain the mass eigenstates
and the corresponding mass eigenvalues. Let us examine the various sectors of the
model.
1. Squarks
In principle, I must diagonalize 6× 6 matrices corresponding to the basis (q˜iL, q˜iR)
where i = 1, 2, 3 are the generation labels. The one generation case (using the
notation of the third family) is given below
M2
t˜
=
[
M2
Q˜
+m2t +m
2
Z(
1
2 − eus2W ) cos 2β mt(At − µ cotβ)
mt(At − µ cotβ) M2
U˜
+m2t +m
2
Zeus
2
W cos 2β
]
M2
b˜
=
[
M2
Q˜
+m2b −m2Z(12 + eds2W ) cos 2β mb(Ab − µ tanβ)
mb(Ab − µ tanβ) M2
D˜
+m2b +m
2
Zeds
2
W cos 2β
]
,
(1.55)
where eu = 2/3, ed = −1/3, s2W ≡ sin2 θW and tan β ≡
〈
H02
〉 / 〈
H01
〉
.
2. Sleptons
M2ν˜ =M
2
L˜
+ 12m
2
Z cos 2β
M2τ˜ =
[
M2
L˜
+m2τ −m2Z(12 − s2W ) cos 2β mτ (Aτ − µ tanβ)
mτ (Aτ − µ tanβ) M2
E˜
+m2τ −m2Zs2W cos 2β
]
(1.56)
The above results indicate that f˜L–f˜R mixing is unimportant for mf ≪ MSUSY
where MSUSY characterizes the scale of the supersymmetry-breaking terms. This
suggests that only t˜L–t˜R mixing is likely to be phenomenologically relevant. (If
tan β ≫ 1, then b˜L–b˜R mixing may be non-negligible.)
‡ More precisely, the soft-supersymmetry breaking parameters of the squark and slepton sectors
(as well as the corresponding fermion masses) in eq. (1.54) are 3×3 matrices.
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3. Charginos
The W˜± and H˜± can mix; the mass eigenstates are called charginos. In the W˜+–H˜+
basis, the chargino mass matrix is [71]
X =
(
M2
√
2mW sin β√
2mW cosβ µ
)
. (1.57)
In general, two unitary 2 × 2 matrices U and V are required to diagonalize the
chargino mass-squared matrix
M2χ˜+ = V X†XV −1 = U∗XX†(U∗)−1 . (1.58)
The two mass eigenstates are denoted by χ˜+1 and χ˜
+
2 with corresponding squared
masses
M2
χ˜+1,2
= 12
{
M2 + µ2 + 2m2W ∓
[
(M2 − µ2)2 + 4m4W cos2 2β
+ 4m2W (M
2 + µ2 + 2Mµ sin 2β)
]1/2}
.
(1.59)
By convention, Mχ˜+1
≤ Mχ˜+2 . The mixing matrix elements Uij and Vij will appear
in the chargino Feynman rules.
4. Neutralinos
The neutral gauginos and higgsinos can mix; the mass eigenstates are called neu-
tralinos. In the B˜–W˜ 3–H˜01–H˜
0
2 basis, the neutralino Majorana mass matrix is [71]
Y =

M1 0 −mZcβsW mZsβsW
0 M2 mZcβcW −mZsβcW
−mZcβsW mZcβcW 0 −µ
mZsβsW −mZsβcW −µ 0
 , (1.60)
where sβ = sin β, cβ = cosβ, etc. A 4×4 unitary matrix Z is required to diagonalize
the neutralino mass matrix
Mχ˜0 = Z∗Y Z−1 , (1.61)
where the diagonal elements of Mχ˜0 can be either positive or negative. The four
mass eigenstates are denoted by χ˜0i (i = 1, 2, 3, 4), with corresponding mass eigen-
values ηiMχ˜0i . The physical neutralino masses are defined to be positive, with
Mχ˜01 ≤ . . . ≤ Mχ˜04 . The sign of the mass eigenvalue (ηi = ±1) is physically relevant
and corresponds to the CP quantum number of the Majorana neutralino state. The
mixing matrix elements Zij will appear in the neutralino Feynman rules.
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It is sometimes useful to define the interaction eigenstates that correspond to
the supersymmetric partners of the γ and Z
γ˜ = cos θW B˜ + sin θW W˜
3 ,
Z˜ = − sin θW B˜ + cos θW W˜ 3 .
(1.62)
However, these will not in general be mass eigenstates. For example, γ˜ is a mass
eigenstate only if M1 =M2. More generally, γ˜ is an (approximate) mass eigenstate
if M1,M2 ≪ mZ , in which case Mγ˜ ≃M1 cos2 θW +M2 sin2 θW .
For a general set of neutralino parameters, the mass eigenstates are complicated
mixtures of the interaction eigenstates. Two limiting cases are useful:
(i) M =M ′ = µ = 0
χ˜01 = γ˜, Mχ˜01 = 0
χ˜02 = H˜1 sin β + H˜2 cos β, Mχ˜02 = 0
χ˜03 =
√
1
2
[
Z˜ + H˜1 cosβ − H˜2 sin β
]
Mχ˜03 = mZ
χ˜04 =
√
1
2
[
−Z˜ + H˜1 cos β − H˜2 sin β
]
, Mχ˜04 = mZ .
(1.63)
(ii) M,M ′, µ≫ mZ
χ˜0i =
[
B˜, W˜3,
√
1
2(H˜1 − H˜2),
√
1
2(H˜1 + H˜2)
]
, (1.64)
with masses |M ′|, |M |, |µ|, and |µ| respectively.
5. Higgs sector [65]
Including the soft-supersymmetry-breaking terms, the Higgs potential now reads
VHiggs = m
2
1H |H1|2 +m22H |H2|2 −m212(ǫijH i1Hj2 + h.c.)
+ 18(g
2 + g′2)
(|H1|2 − |H2|2)2 + 12g2|H∗1H2|2 , (1.65)
where m2iH ≡ |µ|2 +m2i (i = 1, 2). The parameters m2i (i = 1, 2) are real and can
be either positive or negative. Now we see how the inclusion of soft-supersymmetry-
breaking terms permits SU(2)L×U(1)Y breaking. The parameter region in which
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SU(2)L×U(1)Y breaks down to U(1)EM is
m21H +m
2
2H ≥ 2|m212| (required for stability of VHiggs at large scalar fields)
|m212|2 > m21Hm22H (required for SU(2)L ×U(1)Y breaking) .
(1.66)
Let us proceed on the assumption that these conditions are satisfied.
⋆
The MSSM Higgs potential [eq. (1.65)] is analyzed in detail in my TASI-90
lectures [50]. Starting with eight real scalar degrees of freedom, three are Goldstone
modes absorbed by the W± and Z. The remaining five degrees of freedom yield the
physical Higgs bosons of the model. Note that VHiggs automatically conserves CP,
since any complex phase in m212 can be absorbed into the definition of the Higgs
fields. The following nomenclature is used for the physical Higgs bosons:
H± charged Higgs boson pair
A0 CP-odd neutral Higgs boson
H0, h0 CP-even neutral Higgs boson .
(1.67)
The three parameters m21H , m
2
2H and m
2
12 of the Higgs potential can re-expressed
in terms of the two Higgs vacuum expectation values, vi ≡
〈
H0i
〉
and one physical
Higgs mass. We are free to choose the phases of the Higgs fields such that v1 and
v2 are positive. Then, m
2
12 must be positive, in which case it follows from eq. (1.65)
that
m2A =
m212
sin β cosβ
. (1.68)
It is convenient to choose mA as one of the physical input parameters. Note that
m2W = m
2
Z cos
2 θW =
1
4g
2(v21+v
2
2), which fixes the magnitude v
2
1+v
2
2 = (246 GeV)
2.
This leaves two parameters which fix the Higgs sector masses and couplings: mA0
and tanβ ≡ v2/v1. The charged Higgs mass is given by
m2H± = m
2
W +m
2
A . (1.69)
The neutral CP-even Higgs bosons, H0 and h0 are obtained by diagonalizing a 2×2
⋆ How these conditions are satisfied in the supergravity scenarios discussed in the previous sec-
tion is a very interesting story. Typically, these conditions are not satisfied at MP . However,
after renormalization group scaling, one discovers that these conditions are satisfied at the
electroweak scale. This picture is called the radiative symmetry breaking scenario, which will
be discussed in Lecture 2.
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mass matrix, which in the H1–H2 basis is given by
M2 =
(
m2A0s
2
β +m
2
Zc
2
β −(m2A0 +m2Z)sβcβ
−(m2A0 +m2Z)sβcβ m2A0c2β +m2Zs2β
)
. (1.70)
The eigenstates are
H0 = (
√
2ReH01 − v1) cosα + (
√
2ReH02 − v2) sinα
h0 = −(
√
2ReH01 − v1) sinα + (
√
2ReH02 − v2) cosα
(1.71)
where the mixing angle α is given by
cos 2α = − cos 2β
(
m2A0 −m2Z
m2H0 −m2h0
)
, sin 2α = − sin 2β
(
m2H0 +m
2
h0
m2H0 −m2h0
)
.
(1.72)
The corresponding CP-even Higgs mass eigenvalues are
m2H0, h0 =
1
2
(
m2A0 +m
2
Z ±
√
(m2A0 +m
2
Z)
2 − 4m2Zm2A0 cos2 2β
)
, (1.73)
where by definition, mh0 ≤ mH0 .
All mass relations that have been presented in this section are tree-level results
which are modified by radiative corrections. This will be discussed in more detail
in Lecture 3. For the moment, I shall record the following inequalities that follow
from the tree-level mass formulae above
mh0 ≤ mA0 ,
mh0 ≤ m| cos 2β| ≤ mZ , with m ≡ min(mZ , mA0)
mH0 ≥ mZ ,
mH± ≥ mW .
(1.74)
The Higgs couplings to gauge bosons are fixed by the SU(2)×U(1) gauge invari-
ance. The Higgs couplings to quarks and leptons are obtained from eq. (1.23), where
W = WR is given in eq. (1.45). Note that this leads to a very specific pattern of
tree-level Higgs-fermion Yukawa couplings in which H1 couples only to down-type
fermions (τ, b), while H2 couples only to up-type fermions (ντ , t). A comprehensive
list of all MSSM Higgs interactions can be found in Appendix A of ref. [65].
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6. Quarks, Leptons, and Gauge Bosons
The identification of quark, lepton and gauge boson eigenstates and the correspond-
ing masses follows the usual Standard Model analysis. One constructs the quark
mass matrix and extracts the CKM angles. The neutrinos are massless, so that the
charged lepton interaction eigenstates and mass eigenstates coincide. The Z and γ
are eigenstates of a 2 × 2 neutral gauge boson mass matrix. The Standard Model
Higgs boson is replaced by the Higgs sector described above. This completes the
enumeration of all the mass eigenstates of the MSSM.
With the MSSM mass eigenstates in hand, and a complete list of supersymmetric
interactions and the soft-supersymmetry-breaking terms, it is straightforward to
compute all the Feynman rules of the MSSM. These can be found in refs. [16], [72],
and [73].
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2. What Do We Know About the Supersymmetric
Parameters?
In this lecture, I will discuss the constraints on the parameter space of the low-
energy supersymmetric model. To do this in complete generality is not practical.
First, one can construct an arbitrary number of supersymmetric extensions of the
Standard Model. Unfortunately, time and space limitations forbid a comprehensive
survey of all non-minimal low-energy supersymmetric models. It is perhaps prudent
to focus at first on the MSSM, although a few comments regarding the alternate
phenomenology of R-parity violating theories will be given at the end of this lecture.
Second, even within the MSSM framework, the number of new parameters is quite
large. Experimental data constrains some of the parameters, and various theoretical
assumptions can further reduce the parameter freedom. Imposing theoretical biases
on the structure of the MSSM is not necessarily bad, as long as one is aware of
the assumptions made and the possibility that some of these assumptions could be
incorrect.
2.1. The MSSM Parameter Space
Based on the results of Lecture 1, the parameters of the MSSM are as follows.
In the supersymmetry-conserving sector, one has the usual Standard Model param-
eters: the SU(3)×SU(2)×U(1) gauge couplings (gs, g and g ′ respectively), and the
Higgs-fermion Yukawa coupling matrices (ht, hb, and hτ ). One further parameter is
the Higgs superfield mass parameter, µ. Other possible parameters that could have
arisen in the superpotential have been eliminated under the assumption of R-parity
invariance. The remaining parameters of the MSSM arise from soft-supersymmetry
breaking terms. These include three gaugino Majorana mass parameters (M3, M2
andM1), diagonal squark and slepton mass squared-mass matrices in the f˜L–f˜R ba-
sis (M2
Q˜
, M2
U˜
, M2
D˜
, M2
L˜
, and M2
E˜
), Higgs-squark-squark and Higgs-slepton-slepton
trilinear interaction terms (which are proportional to the matrix A-parameters At,
Ab and Aτ ), and the Higgs sector mass parameters (m
2
1H , m
2
2H and m
2
12). Elec-
troweak symmetry breaking is driven by the soft-supersymmetry breaking Higgs
mass parameters. As a result, m21H , m
2
2H and m
2
12 can be re-expressed in terms of
two Higgs vacuum expectation values (v1 and v2) and one physical Higgs mass
(usually chosen to be the mass of the CP-odd Higgs scalar, mA0). Note that
v21+v
2
2 = (246 GeV)
2 is fixed by theW (or Z) mass while the ratio tanβ ≡ v2/v1 is a
free parameter of the model. In a model with only one generation of quarks, leptons
and their superpartners, the above list contains 14 new parameters. In addition, the
A-parameters and gaugino mass parameters may contain nontrivial complex phases
that cannot be removed by field redefinitions. These provide potential new sources
of CP-violation. In the full three-generation model, the number of new parameters
is substantially greater since the squark and slepton mass-squared parameters and
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the A-parameters are now 3×3 matrices. The possibility of intergenerational mixing
can lead to additional complications.
To make predictions and to perform phenomenological analyses with 14 or more
free parameters is impractical. Therefore, most practitioners of low-energy super-
symmetry make assumptions to reduce the parameter freedom. Different model as-
sumptions can lead to different ground rules. This leads to the following quandary—
what is the real MSSM? Of course, there is no unambiguous answer to this question.
However, it is important to be aware of the underlying assumptions of any starting
point. When a theorist or phenomenologist states: “The MSSM predicts that . . .”,
one should carefully check the underlying assumptions. Below, I will present a brief
guide to theoretical prejudices and experimental data used to constrain the MSSM
parameter space.
2.2. Theoretical Constraints and Biases
In a completely phenomenological treatment of low-energy supersymmetry, the
MSSM parameters would be considered completely free parameters to be determined
from experimental data. Once the supersymmetric parameters are measured, one
could then attempt to extract information about the underlying fundamental physics
which is associated with energy scales much higher than those directly probed by
colliders. Since the conjecture of low-energy supersymmetry is motivated by an
attempt to embed low-energy physics in a more fundamental framework, it seems
appropriate to exploit this motivation in constraining the low-energy supersymmet-
ric parameters. This leads to a number of theoretical considerations that provide
some arguments for constraining the parameter freedom of the MSSM.
1. What is the maximal size of the dimensionful parameters of the MSSM?
This is the polite version of the common complaint of experimentalists—“when
are you theorists going to give up on supersymmetry?” Roughly speaking, we
do not want the dimensionful supersymmetric parameters (i.e., µ and the soft-
supersymmetry-breaking mass parameters) to be much larger than 1 TeV; otherwise
we lose the “naturalness” of the model. But can one be more precise? Indeed, one
can invent a method for measuring how much fine-tuning goes into setting the hi-
erarchy between the electroweak scale and the supersymmetry breaking scale. Two
recent examples of such a measure are given in refs. [74] and [75]. In each case,
a dimensionless ratio (let us call it x) is constructed that measures the amount of
fine-tuning. A model of low-energy supersymmetry is deemed acceptable if x is re-
stricted to lie within a certain range (corresponding to, say, moderate fine-tuning).
The problem with such a condition is obvious. How does one establish a reasonable
allowed range for x? Without detailed knowledge of the fundamental theory at high
energies (including a precise understanding of the underlying mechanism of super-
symmetry breaking), there is no way to do this. If one regards x as a one-dimensional
35
parametrization of low-energy supersymmetry models, then this problem can be un-
derstood as a lack of information as to the nature of the probability measure in x.
Different theorists can propose different conditions and reach somewhat different
conclusions. My personal belief is that the conditions of refs. [74] and [75] are too
strict, but at the present state of knowledge, the decision on a reasonable range for
x must be left to the aesthetic sensibilities of the physicist. To paraphrase a famous
former supreme court judge (when asked to define what is “obscene”), I cannot
formally define a measure that tells me when the supersymmetric mass parameters
are too large, but I know it when I see it.
2. What are the limits on tan β [and on mt]?
Above, we considered the question of theoretical constraints on the maximal
value of dimensionful parameters of the MSSM. Here, we consider the possibility of
determining upper (and lower) bounds for dimensionless parameters of the MSSM.
Since the gauge coupling constants and the Higgs-fermion Yukawa couplings (except
for ht) are known, it is sufficient to focus on two unknown dimensionless parameters:
ht and tan β. From eq. (1.46), one can equally well consider the two independent
unknown parameters to be mt and tan β. Clearly, once the top quark is discovered
(perhaps in 1993 or 1994 at Fermilab), the reduction of parameter uncertainty will
have an impact on the future development of low-energy supersymmetry model
building and phenomenology.
Upper bounds on dimensionless parameters cannot be deduced on the basis of
the low-energy theory alone. But once one is willing to consider the Standard Model
(and its MSSM extension) as the low-energy effective theory of a more fundamental
high-energy theory, one can make progress. The weakest bounds are obtained as
follows. Consider the theory of particle physics at a scale Λ, where Λ is allowed to
vary from the electroweak scale to the Planck scale. In the MSSM, the first scale
of new physics encountered is the mass scale that characterizes the scale of low-
energy supersymmetry breaking. This is the mass scale which determines the sizes
of all the dimensionful supersymmetric parameters discussed above. Let MSUSY
represent this mass scale. Admittedly, this is an oversimplification, since it neglects
the variation among the many dimensionful supersymmetric parameters. However,
the approximation of one overall scale of low-energy supersymmetry is sufficient for
our purposes here. Above MSUSY, I assume that no new physics enters until the
scale Λ is reached. Λ could be the Planck mass, a grand unification scale (1016 GeV),
or perhaps some intermediate scale where physics not yet imagined enters. In all
cases, it must be true that all dimensionless coupling constants (the guage and
Higgs-fermion Yukawa couplings) remain finite at all energy scales below Λ. The
theoretical tools needed to implement this condition are the renormalization group
equations (RGEs).
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The one-loop renormalization group equations (RGEs) take the form
dpi
dt
= βi(p1, p2, ..) , where t ≡ ln µ2 , (2.1)
where µ is the energy scale, and the parameters pi stand for the squared Yukawa
couplings h2f (f = t, b and τ ; the two lighter generations can be neglected) and
the squared gauge couplings g2j (j =3, 2, 1) corresponding to SU(3)×SU(2)×U(1)
respectively. The hf are defined in eq. (1.46), and I assume a Higgs-fermion coupling
pattern as specified by the MSSM. The gj are normalized such that they are equal
at the grand unification scale. It is also convenient to define
gs ≡ g3, g ≡ g2 , g ′ ≡
√
3
5g1 , (2.2)
where g and g ′ are normalized in the usual way for low-energy electroweak physics,
i.e. tan θW = g
′/g. In addition, letNg = 3 be the number of generations andNH the
number of low-energy scalar doublets. In the MSSM, NH = 2 for µ > MSUSY. For
values of µ < MSUSY, NH = 2 if mA0 ≃ O(mZ) and NH = 1 if mA0 ≃ O(MSUSY).
In Table 2, I list the β-functions appropriate for the Standard Model and the
MSSM [76,77]. The latter are used for energy scales between mZ and MSUSY, and
the former for energy scales between MSUSY and Λ. By requiring that ht, hb, and
hτ remain finite at all energy scales up to Λ [77-79], one obtains an allowed region
of mt vs. tanβ as a function of Λ. The results are shown in figs. 1 and 2 for
two different choices of Λ [79]. The allowed region of parameter space lies below
the curves shown. For example, if there is no new physics (other than perhaps
minimal supersymmetry) below the grand unification scale of 1016 GeV, then based
on the CDF limit [80] of mt > 91 GeV, one would conclude that 0.5 <∼ tanβ <∼ 50.
The lower [upper] limit on tanβ arises from the constraint on the growth of the
Higgs-top [-bottom] quark Yukawa coupling. The lower limit on tanβ becomes even
sharper if the top-quark mass is heavier. Remarkably, the limits on tan β do not
get substantially weaker for Λ as low as 100 TeV. In contrast, the limits on mt get
significantly weaker as Λ is taken smaller. However, one can use other constraints
based on precision electroweak measurements to conclude that mt < 197 GeV at
95% CL [81]. It is amusing that these results are about the same as those shown in
fig. 1, for MSUSY = 1 TeV.
How reliable are the results just quoted? First, they are based only on one-loop
RGEs. If two-loop RGEs are used, then the results quoted above will change only
very slightly [82]. The reason is that as the energy scale increases, the Higgs-quark
Yukawa coupling (hf ) increases slowly at first. As the energy scale approaches the
Landau pole (where hf → ∞), hf begins to increase more rapidly. In fact the
results shown in figs. 1 and 2 are very insensitive to whether one defines Λ to be
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Table 2. One-loop Renormalization Group Equations
for Yukawa and Gauge Coupling Constants
1. µ > MSUSY
βh2t =
h2t
16π2
[
6h2t + h
2
b − 163 g23 − 3g2 − 139 g′2
]
βh2b =
h2b
16π2
[
6h2b + h
2
t + h
2
τ − 163 g23 − 3g2 − 79g′2
]
βh2τ =
h2τ
16π2
[
4h2τ + 3h
2
b − 3g2 − 3g′2
]
βg′2 =
g′4
48π2
[
10Ng +
3
2NH
]
βg2 =
g4
48π2
[
6Ng +
3
2NH − 18
]
βg23 =
g43
48π2
[
6Ng − 27
]
2. µ < MSUSY
βh2t =
h2t
16π2
[
9
2h
2
t +
1
2h
2
b − 8g23 − 94g2 − 1712g′2
]
βh2b =
h2b
16π2
[
9
2h
2
b +
1
2h
2
t + h
2
τ − 8g23 − 94g2 − 512g′2
]
βh2τ =
h2τ
16π2
[
5
2h
2
τ + 3h
2
b − 94g2 − 154 g′2
]
βg′2 =
g′4
48π2
[
20
3 Ng +
1
2NH
]
βg2 =
g4
48π2
[
4Ng +
1
2NH − 22
]
βg23 =
g43
48π2
[
4Ng − 33
]
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the Landau pole or the point at which h2f/4π ∼ O(1). Thus, these results should
not be very sensitive to the regime in which hf is large enough such that higher
terms in the RGE matter. Of course, once hf enters the non-perturbative regime,
the analysis just presented breaks down. However, presumably, new physics enters
once this point is reached, so the results of figs. 1 and 2 (which assume that no new
physics enters below the scale Λ) remain valid.
Note that in the above analysis, no assumption has been made about the nature
of the physics above Λ. (For example, no assumption regarding grand unification has
been made.) Additional assumptions about the physics at the high-energy scale can
reduce the allowed parameter space and strengthen the resulting bounds. For exam-
ple, in models of spontaneously broken supergravity, one obtains an effective Planck
scale field theory consisting of a supersymmetric model with soft-supersymmetry-
breaking terms, as described in Lecture 1. Renormalization group evolution is re-
quired to derive the appropriate set of low-energy parameters at the electroweak
scale. In the RGE analysis, one can also find an allowed region of mt vs. tan β, as
a function of the Planck scale input parameters. However the resulting constraints
can be stronger since the form of the Planck scale theory is not completely arbitrary.
The range of allowed tan β values is found to be somewhat smaller; roughly [83]
1 <∼ tanβ <∼
mt
mb
. (2.3)
Values of tan β ≤ 1 are disallowed since such values are incompatible with elec-
troweak symmetry breaking driven by the soft-supersymmetry-breaking Higgs mass-
squared terms at the electroweak scale.
3. How can low-energy phenomenology restrict the MSSM parameters?
There is no experimental evidence to date for the existence of supersymmetric
particles or interactions. This fact imposes constraints on any low-energy super-
symmetric model in a number of ways. First, one can perform direct searches for
supersymmetric particle production in accelerator experiments. Current limits on
supersymmetric particle masses will be briefly summarized in section 2.3. These
mass limits in turn impose restrictions on the basic supersymmetric parameters.
Second, all CP-violating phenomena observed to date are consistent with a single
complex phase in the CKM quark mixing matrix. I noted briefly in section 2.1
that the MSSM introduces new parameters with (possible) complex phases. If these
phases were O(1), then CP-violating effects induced by squark, slepton and/or gaug-
ino exchange would result in an observable electric dipole moment for the neutron
and electron that is substantially above the present experimental limits [84]. Either
the corresponding supersymmetric particle masses are very large (above 1 TeV) or
the corresponding phases are small (<∼ 10−2). Third, it is an experimental fact that
flavor changing neutral current (FCNC) processes are greatly suppressed. The most
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stringent constraints derive from the properties of K0–K¯0 mixing (and to a lesser
extent from B0–B¯0 mixing). These results place very stringent limits on the matrix
structure of the squark mass parameters [85]. To a very good approximation, the
diagonal squared-masses of squarks (in the q˜L–q˜R basis) of a given electric charge
must be degenerate. These last two results present a formidable challenge to model
builders attempting to derive the low-energy MSSM parameters from more funda-
mental physics at a higher energy scale. One successful approach is the standard
low-energy supergravity scenario, where the soft-supersymmetry breaking squark
mass parameters are flavor independent and all A-parameters and gaugino masses
are real at the Planck scale. Note that the renormalization group evolution is sensi-
tive to hb, and ht, which yields squark mass parameters with some non-trivial flavor
dependence at the electroweak scale. However, the magnitude of such flavor depen-
dence is consistent with present experimental constraints on FCNC interactions.
Although the required degeneracy of squark and slepton masses can be arranged,
the MSSM provides no explanation for its origin. Moreover, the MSSM provides
no fresh insights into the structure of quark (and lepton) masses and mixing. De-
pending on the structure of the physics at high energies, supersymmetry could even
generate a real “flavor problem”—i.e., large flavor changing neutral currents at the
electroweak scale in conflict with experimental observations [86]. This could occur,
for example, if there were some flavor dependence at an intermediate energy scale.
Integrating out the physics at that intermediate scale can produce soft-dimension-
two squark mass terms with non-trivial flavor structure. Thus, present limits on
FCNCs can impose severe constraints on the nature of the physics at scales well
above 1 TeV. On the other hand, the possibility of non-trivial flavor structure at
high scales may ultimately provide the origin of the quark and lepton masses and
mixing angles observed at low-energies [87].
4. Limits on the A-parameters [and µ]
From the mass matrices for the top and bottom squarks presented in eq. (1.55),
one notes an off-diagonal term in the squark squared mass-matrices
M2LR =
{
mb(Ab − µ tanβ), for b˜L–b˜R mixing,
mt(At − µ cotβ), for t˜L–t˜R mixing.
(2.4)
If M2LR is too large, the smaller of the two squark squared-mass eigenvalues can be
driven negative. This would imply that the SU(3)C×U(1)EM ground state was not
a minimum of the scalar potential. The true ground state would not conserve both
color and EM; clearly this possibility must be rejected. As an example, if M
Q˜
≃
M
U˜
≃ M
D˜
and At ≫ µ cotβ, then one finds that the squared-mass of the lightest
top-quark is positive if At <∼ 3.5MQ. Even if all squark and slepton squared-masses
are positive, this does not necessarily imply that the SU(3)C×U(1)EM ground state
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is a global minimum. To insure that the global minimum preserves both color
and EM, one must examine the complete scalar potential (including Higgs bosons,
squarks, and sleptons). By searching in a general way for all color and/or EM
violating local minima, one can check whether these minima lie above the desired
SU(3)C×U(1)EM preserving ground state. The resulting constraint also leads to
some restrictions (typically upper bounds) on combinations of A-parameters [88].
Roughly speaking, the A-parameters should be less than c · O(MQ) where c is a
number of order 1 (c ≈ 3 is a typical value).
5. Are there theoretically compelling constraints on Planck scale parameters?
In section 1.4, I described how the spontaneous breaking of supergravity can lead
to an effective field theory at the Planck scale that is a broken supersymmetric
model where the supersymmetry breaking is parametrized by all possible soft-
supersymmetry breaking terms. Until the origin of the supersymmetry breaking
of the fundamental theory is understood, one must regard the Planck-scale soft-
supersymmetry breaking terms as phenomenological input parameters to the model.
However, perhaps one can do better. By introducing (hopefully theoretically well
motivated) constraints to the Planck scale parameters, one can reduce the param-
eter freedom of the resulting low-energy supersymmetric model. Here are some of
the most common Planck scale assumptions.
(i) Grand unification of gauge coupling constants and gaugino Majorana mass
terms
g1(MX) = g2(MX) = g3(MX) = gU ,
M1(MX) =M2(MX) =M3(MX) = m1/2 .
(2.5)
where MX <∼ MP is the grand unification scale. Note that the gi evaluated
at mZ are related to the low energy gauge couplings as specified in eq. (2.2).
The relation between g1 and g2 is consistent with the canonical normalization
of the generators TrT aT b = 12δ
ab at the grand unified scale.
The renormalization group (RG) scaling of the gi are given in Table 2. The RG
scaling of the Mi are also simple since the ratios Mi/gi are independent of scale.
Thus,
Mi(Q
2) = m1/2
[
g2i (Q
2)
g2U
]
. (2.6)
In terms of the gaugino mass parameters at the electroweak scale,
M1(m
2
Z)
M2(m2Z)
=
g21(m
2
Z)
g22(m
2
Z)
=
5
3
g′2
g2
. (2.7)
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That is, the low-energy gaugino mass parameters satisfy
M3 =
g2s
g2
M2, M1 =
5
3
g′2
g2
M2 , (2.8)
which reduces three independent gaugino mass parameters to one. Since the gluino
mass is equal to |M3|, it is common to let the gluino mass be the free parame-
ter of the model. The other two gaugino mass parameters are then determined.
The assumption that the gaugino mass parameters satisfy eq. (2.8) is so prevalent
in the literature that it is usually taken for granted without explicit acknowledge-
ment. Effectively, eq. (2.8) has been incorporated into the definition of the MSSM.
Nevertheless, there are examples of models in which eq. (2.8) does not hold [89].
(ii) Universal diagonal scalar masses
M2
Q˜
(MP ) =M
2
U˜
(MP ) =M
2
D˜
(MP ) =M
2
L˜
(MP ) =M
2
E˜
(MP ) = m
2
01 ,
m21(MP ) = m
2
2(MP ) = m
2
0 .
(2.9)
In Lecture 1, I indicated that in spontaneously broken supergravity models, univer-
sal scalar masses at the Planck scale automatically arise in models with canonical
kinetic energy terms. However, there is no strong theoretical reason to limit the
kinetic energy terms in this manner. For example, in superstring-motivated mod-
els, the kinetic energy terms are expected in general to be of a more complicated
form [63], resulting in deviations from eq. (2.9). On the other hand, phenomenolog-
ical considerations at the low-energy scale (in particular, the observed suppression
of FCNCs) suggest that deviations from eq. (2.9) had better be small.
(iii) Universal A-parameters
At(M
2
P ) = Ab(M
2
P ) = At(M
2
P ) = A01 . (2.10)
As above, this assumption is automatically satisfied only in the simplest models.
(iv) The µ and B-parameters
µ(M2P ) = µ0 ,
B(M2P ) = B0 ,
(2.11)
where m212 ≡ µB.
Some model builders go further and impose an additional relation between A0 and
B0. For example, in the simplest Polonyi model, B0 = A0 − 1. However, given that
the fundamental mechanism of supersymmetry breaking is far from being under-
stood, it is prudent to regard A0 and B0 as independent parameters.
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(v) Unification of Higgs-fermion Yukawa couplings
hb(MX) = hτ (MX) . (2.12)
This relation corresponds to the well known prediction in SU(5) grand unified mod-
els of mb = mτ at MX , which yields mb ≃ 3mτ at the electroweak scale. Analogous
relations involving Yukawa couplings from the first two generations do not work.
There are ways to alter the corresponding relations for the other two generations
by introducing additional Higgs multiplets and arranging appropriate generational
dependent couplings at the grand unification scale. A recent example of such an at-
tempt can be found in ref. [87]. On the other hand, in superstring models, relations
such as eq. (2.12) may not hold. It will quite interesting to determine the phe-
nomenological viability of eq. (2.12). A slightly more radical unification condition
hb(MX) = hτ (MX) = ht(MX) has also been studied [90,82]. This relation emerges
naturally in certain SO(10) grand unified models, and leads to a low-energy value
of tan β near its upper limit, tanβ ≃ mt/mb.
In summary, what I have just described is an approach, sometimes called the
minimal low energy supergravity model (MLES) [56], in which the Planck scale
parameters (which play the role of initial conditions for the RGEs that determine
the low-energy MSSM parameters) are completely determined by the following
gU , m1/2, m0, µ0, A0, B0, ht(MX), hb(MX), hτ (MX) . (2.13)
In particular, the five supersymmetric input parameters, m1/2, m0, µ0, A0 and B0
are sufficient to predict all low-energy MSSM parameters listed at the beginning of
this lecture! In order to carry out this program, one must use the full set of RGEs
to evaluate the MSSM parameters at the electroweak scale. In addition, one must
make sure that electroweak symmetry breaking takes place at the correct energy
scale. In the MLES, it is easy to check that SU(2)×U(1) breaking does not occur
at tree-level (i.e., using Planck scale parameters). Namely,
m21H = m
2
2H = m
2
0 + µ
2
0 ,
m212 = µ0B0 ,
(2.14)
which does not simultaneously satisfy the two requirements specified in eq. (1.66).
However, when RG-evolution is employed the resulting low-energy values for m21H ,
m22H and m
2
12 do satisfy eq. (1.66), and SU(2)L×U(1)Y symmetry breaking is trig-
gered. This is an example of radiative symmetry breaking generated by summing
leading-logarithmic corrections to the scalar potential. The basic mechanism under-
lying the electroweak symmetry breaking can be traced to the following diagrams
that contribute to the radiative corrections to m22H .
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These diagrams would cancel in the supersymmetric limit. But because supersym-
metry is broken an incomplete cancellation takes place. The result is
δm22H ≃
−3
16π2
h2tM
2
Q ln
(
M2P
M2Q
)
. (2.15)
Thus, for large ht, it is possible to drive m
2
2H negative and trigger SU(2)L×U(1)Y
breaking. Moreover, since the parameter m22H evolves logarithmically, it is possible
to arrange an exponential hierarchy between the Planck scale and the electroweak
scale. To carry out all the details requires a full numerical RGE analysis, along with
a careful treatment of supersymmetric thresholds as one passes below the masses of
the various supersymmetric particles. The question of where one should stop the
RG evolution is a subtle one. See ref. [91] for a detailed discussion of these points.
Based on the discussion just presented, it is easy to see why tan β > 1 in the
MLES approach.
⋆
Starting from the Higgs potential [eq. (1.65)] one can easily work
out the minimum conditions:
m21H = m
2
12
v2
v1
+ 18(g
2 + g′2)(v22 − v21) .
m22H = m
2
12
v1
v2
− 18(g2 + g′2)(v22 − v21) .
(2.16)
Eliminating m212 from these equations, and solving for tanβ = v2/v1, one finds
tan2 β =
m21H +
1
2m
2
Z
m22H +
1
2m
2
Z
, (2.17)
where m2Z =
1
4(g
2+ g′2)(v21 + v
2
2). In the MSSM, the b-quark couples to H1 and the
t-quark couples to H2. Assuming ht > hb, it follows that m
2
2H is driven negative
in the RG-evolution as explained above. In particular, m22H < m
2
1H at the low-
energy scale, which implies [using eq. (2.17)] that tanβ > 1. On the other hand,
⋆ The MLES parameters [eq. (2.13)] and the conditions of radiative symmetry breaking deter-
mine the low-energy values of mZ and tanβ.
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if ht < hb then m
2
1H would be driven negative first, and one would conclude that
m21H < m
2
2H at the low-energy scale. Applying eq. (2.17) would lead to tan β < 1
which contradicts the initial assumption of ht < hb. Thus, the radiative symmetry
breaking mechanism is possible only if ht > hb which implies that tanβ < mt/mb.
Thus we have demonstrated the result previously quoted in eq. (2.3).
6. What are the implications of coupling constant unification for the MSSM?
Grand unified theory (GUT) extensions of the Standard Model were studied
extensively in the 1970s [3]. During the 1980s, experimental information of two
types contributed to the demise of the simplest grand unification models based on
SU(5) [or SO(10) with no intermediate gauge breaking scale]. First, no proton decay
(p→ e+π0 was the expected dominant mode) was observed at the rates predicted by
the model. Second, experimental measurements of sin2 θW disagreed with the GUT
predictions. In the latter case, the disagreement was only of order 10%; however,
as time progressed and the experimental measurements of sin2 θW became more
accurate, the disagreement between theory and experiment became more significant.
Amaldi and co-workers [92] presented a comprehensive analysis of neutral current
parameters in 1987 (predating the precision electroweak measurements at LEP).
Moreover, their work provided compelling evidence for ruling out the simplest GUT
models. In that same paper, Amaldi et al. noted, almost parenthetically, that the
prediction of the minimal GUT extension of the MSSM for sin2 θW was in very
good agreement with the experimentally measured value.
†
Moreover, it had been
already noted in the literature that the experimental limits on proton decay were
less problematical for supersymmetric GUT models [66,41,93-95].
With precision electroweak LEP data now available, the viability of the various
GUT models can be reanalyzed. Not surprisingly, the conclusions have not changed.
A new analysis by Amaldi et al. [96] inspired a number of groups to take a further
look at the unification of coupling constants in the Standard Model and its exten-
sions [97,98]. Instead of predicting sin2 θW from some specific GUT model, these
new analyses begin with the determination of the low-energy gauge couplings (and
other low-energy parameters) from experiment. The most complete analyses then
employ two-loop renormalization group equations of the Standard Model and the
MSSM and ask whether the three gauge couplings meet at some high energy scale.
The coupling constant evolution in the MSSM depends on the precise value of the
supersymmetric masses. In first approximation, one can assume that all supersym-
metric particle masses are roughly degenerate of order MSUSY. Then, the question
of coupling constant unification is studied as a function of MSUSY. The end result
of the RGE analysis confirms the results of ref. [92]: the three gauge coupling con-
stants (g1, g2 and g3) do not unify in the Standard Model, whereas in the MSSM
† This result had been long appreciated by theorists; see e.g., ref. [93].
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the three gauge coupling constants meet at a single point if MSUSY ≃ O(1 TeV).
To quote a specific example, the analysis of ref. [98] finds that:
MSUSY = 10
3.4±0.9±0.4 GeV ,
MX = 10
15.8±0.3±0.1 GeV ,
α−1U = 26.3± 1.9± 1.0 ,
(2.18)
where αU ≡ g2U/4π.
The announcement of the result that MSUSY ∼ O(1 TeV) created a great stir
in the particle physics community. But, before being carried away by all the hype,
consider the reactions of the optimist, the pessimist, and the cynic. The optimist
says: the unification of coupling constants is the first experimental verification of
the low-energy supersymmetric scenario. The pessimist says: the unification of cou-
pling constants only rules out the simplest GUT extensions of the Standard Model.
It may imply new physics at any scale between the weak scale and the GUT scale
and says nothing about TeV scale physics. The cynic says: in the GUT extension
of low-energy supersymmetry, there are three unknown parameters: gU (the unified
coupling constant at the GUT scale), MX (the GUT scale or unification point) and
MSUSY. Thus the RGEs for g1, g2 and g3 provide three equations and three un-
knowns. A unique solution is essentially guaranteed, so the unification of coupling
constants is no surprise at all. The optimist clearly overstates the (experimental)
case for supersymmetry. On the other hand, the pessimist admits that the unifica-
tion of couplings implies that the desert hypothesis of no new physics between the
electroweak scale and the GUT scale is incorrect. New physics must enter somewhere
between mZ andMX . This is an exciting result! Clearly, low-energy supersymmetry
is one possible model for such new physics. Although there is no guarantee that the
new physics is associated with the TeV scale, the arguments based on the hierarchy
and naturalness problems of the Standard Model strongly suggest that new TeV
scale physics must exist. The simplest possible scenario would be one in which this
TeV scale physics also accounts for the unification of couplings. Finally, the cynic’s
remarks that the unification of couplings is guaranteed is technically true (if we
ignore the effects of supersymmetric thresholds). Nevertheless, in solving the RGEs
for MSUSY and MX , there was no guarantee that the coupling constant unification
that emerges would be consistent with sensible values of these parameters. Perhaps,
the results quoted in eq. (2.18) are coincidental. Nevertheless, the fact that such
values correspond precisely to the expected range of a successful GUT extension of
low-energy supersymmetry may be more than coincidental and should not be simply
dismissed.
If we are to take the unification of coupling constants as a strong hint for low-
energy supersymmetry, we must address a number of key questions. How significant
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a result is the unification of coupling constants for low-energy supersymmetry? How
reliable is the result that the coupling constants unify? After all the experimental
value of αs ≡ g2s/4π is not known very precisely. Can one really determine MSUSY?
Surely, in a realistic MSSM, the supersymmetric spectrum is complicated, with
multiple mass thresholds. How important are the unknown thresholds to the results
of the analysis? Finally, the unification of coupling constants has been achieved
with no mention of a particular GUT. Does the physics at the GUT scale modify
the point of unification? What about proton decay in such models?
I shall not answer these questions fully here. But the following remarks may be
useful. First, the uncertainty in αs is definitely a concern. The analysis of ref. 96
took αs = 0.113 ± 0.005. More recent data from LEP suggest a somewhat higher
value. The experimental value for αs also depends on the particular analysis used
to extract it. For example, the value of αs obtained from jet event topologies is
somewhat lower than the value deduced from Γ(Z → hadrons). Anselmo et al. [98]
considered the maximum possible range of uncertainty for αs and examined its
impact on the output value of MSUSY. They quote
100.5±0.5 < MSUSY < 10
5±1 GeV (2.19)
for 0.102± 0.008 ≤ αs ≤ 0.134± 0.008.
The above result suggests that MSUSY is not really well fixed by the coupling
constant unification analysis. Additional uncertainties also limit how well one can
determine MSUSY. These include unknown threshold effects at the GUT scale as
well as the effects of a realistic low-energy supersymmetric spectrum with multi-
ple thresholds between, say, 100 GeV and 1 TeV [99]. Recently, there have been
some attempts to include the effects of a realistic set of low-energy supersymmetric
thresholds. For example, Ross and Roberts [75] present an ambitious analysis in the
context of the MLES model. They begin with Planck scale boundary conditions,
and use RGE evolution to determine the MSSM low-energy parameters. They then
check to see whether the resulting low-energy gauge couplings unify when scaled back
up to the GUT scale (which is required to lie below the Planck scale). By iterating
this procedure, they insure that the end result is a low-energy MSSM model whose
gauge coupling constants unify at a reasonable energy scale. By such a procedure,
they automatically include the effects of the low-energy supersymmetric thresholds.
Finally, consider the coupling constant unification in the context of grand uni-
fication. The proton is unstable in such grand unified models, so one must check
that a specific GUT is not in conflict with the experimental limit, τ(p → e+π0) >
5.5× 1032 yr [100]. I have already noted that in the simplest (nonsupersymmetric)
SU(5) grand unified model, the predicted proton lifetime is too short. The reason
for this is related to the value of MX . In the original SU(5) models [3], typical
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values for MX (based on approximate coupling constant unification) were around
5×1014 GeV. The proton decays via the exchange of superheavy gauge bosons whose
mass is proportional toMX . The theoretically predicted rate for proton decay scales
as 1/M4X . In the non-supersymmetric GUT model, τ(p→ e+π0) ≃ 1031±1yr, which
is clearly ruled out. In the GUT model extension of low-energy supersymmetry,
MX is approximately two orders of magnitude larger than in the case of the original
SU(5) model. As a result, in the supersymmetric model, τ(p → e+π0) >∼ 1036 yr,
which is clearly not in conflict with the present data. However, in the supersymmet-
ric model, genuinely new diagrams contribute to proton decay [41,94]; one example
is shown in the figure below.
The loop diagram on the left yields an effective dimension-5 operator. Its con-
tribution to the proton decay rate scales only as 1/M2X and could lead to a partial
decay rate larger than the present experimental limit. In the case of the diagrams
shown above, extra factors of light fermion masses due to the higgsino couplings to
the quarks play an important role in limiting the size of these diagrams to an ac-
ceptable level. The diagrams above provide a mechanism for p→ ν¯K+, which will
be a dominant decay channel in the supersymmetric model. Present experimental
limits are τ(p → ν¯K+) > 1032 yr [100]. Interesting constraints on MLES model
parameters based on the requirement that the predicted proton partial decay rates
are not in conflict with present experimental limits have been recently obtainly in
ref. [95].
Finally, it is worth noting that the unification of coupling constants places a
number of interesting restrictions on non-minimal extensions of the MSSM (which I
abbreviate by NMSSM). Returning to the more traditional approach, I compare the
predictions for sin2 θW in the SU(5) grand unified model in the case of the Standard
Model (SM) with NH = 1 or 2 light Higgs doublets, and in the case of the MSSM
(with NH = 2) or a non-minimal extension (NMSSM) with NH = 4 [93]. In the
computation of sin2 θW , which is defined in the MS-scheme and evaluated at mZ , I
have taken αs = 0.118±0.007 andMSUSY = 1 TeV. The results, taken from ref. [101],
are shown in Table 3 and should be compared with sin2 θW (mZ) = 0.2328± 0.0007
based on a recent analysis of LEP data [81]. Clearly, the MSSM is the only model
in the above list that is compatible with the experimental data.
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Table 3. Predictions for sin2 θW [101]
Model NH sin
2 θW (mZ)
SM 1 0.2106± 0.0020
SM 2 0.2147± 0.0020
MSSM 2 0.2320± 0.0017
NMSSM 4 0.2530± 0.0015
2.3. Experimental Searches for Supersymmetry
One of the important goals of the present and next generation of colliders (Teva-
tron, LEP, LEP-II, LHC, SSC and the next e+e− linear collider [NLC]) is to un-
ambiguously answer the question—does low energy supersymmetry exist? If the
answer is yes, then experiments at those colliders will begin to measure the param-
eters of low-energy supersymmetry. One will be able to check directly whether the
low-energy supersymmetric model can be characterized as an MSSM, or whether
additional non-minimal structure exists. Furthermore, one will be able to test a
variety of theoretical assumptions and prejudices outlined in the previous section.
It will be exciting to determine the implications of the low-energy supersymmetric
parameters for the underlying fundamental theory in order to extract information
about the physics at very high energy scales.
Table 4. Present and Future Facilities
Dates of
Machine Type
√
s (TeV) L (pb−1/year) Operation
Fermilab
Tevatron pp¯ 1.8 10–100 now—1999
LEP e+e− 0.1 (106–107 Z’s) now—1994
LEP-II e+e− 0.2 500 1995–1999
SSC pp 40 10,000 start: 2000
LHC pp 10–17 105 start: 2000 (?)
NLC e+e− 0.5 2× 104 start: 2005 (?)
In this section, I shall only touch on highlights of the phenomenology of super-
symmetry. For further details, see refs. [16] and [23]. The conservation of R-parity
in the MSSM plays a key role in determining the phenomenology of supersymmetric
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particle production and detection at present and future colliders. R-parity conser-
vation implies that all Standard Model particles (including all Higgs bosons) have
R = 1, while their supersymmetric partners have R = −1 [see eq. (1.51)]. Four
important consequences that are relevant for phenomenology follow.
(i) The lightest supersymmetric particle (LSP) is stable.
The LSP is almost certainly color and electrically neutral. This leaves two favored
candidates: the lightest neutralino state (χ˜01) or the lightest sneutrino (ν˜).
⋆
The
LSP also plays a very important role in cosmology—it is a prime candidate for the
dark matter [102]. There is evidence that non-baryonic dark matter must exist
throughout the universe. Moreover, theorists strongly believe that the total energy
density of the universe is precisely equal to the critical density—the dividing line
between an open and closed universe. Baryonic matter accounts for no more than
about 10% of critical density. So, it seems plausible to assert that the energy density
of the dark matter is sufficient in order that Ω ≡ ρ/ρc = 1. Neutrinos (if they had
mass) and the LSP are two possible dark matter candidates. If one imposes the
requirement that the contribution of the LSP to Ω is a significant fraction of 1, then
one finds additional constraints on the parameters of the MSSM [103]. Moreover, the
properties of the LSP must be compatible with the negative results of dark matter
detection experiments [104]. Due to the coherent interactions of the ν˜ with high-
Z material, the non-observation of dark matter candidates rules out Ων˜ ∼ O(1).
On the other hand, χ˜01 remains a viable dark matter candidate. Its interactions
with matter are incoherent (since χ˜01 is a Majorana fermion), so it would not have
been directly observed by existing dark matter searches. Cosmologically interesting
regions in MSSM parameter space exist where Ωχ˜01 ∼ O(1).
(ii) Supersymmetric particles are produced in pairs at colliders.
In collider experiments, a collision is initiated by the scattering of two R-even par-
ticles (e.g., e+e−, gg, gq, qq, qq¯, etc.). Thus, the final state must be R-even, which
implies that only an even number of R-odd particles can be produced in a collision.
(iii) All supersymmetric particles (excluding the LSP) are unstable and decay.
When an R-odd particle decays, the decay products must contain an odd number
of R-odd particles. After the decay of all unstable particles in a given decay chain,
one is left with Standard Model (R-even) particles plus an odd number of LSP’s.
Schematically, the end result of the decay of an unstable supersymmetric particle
⋆ If the gravitino (g˜3/2) is the LSP, then the second lightest supersymmetric particle will be
very long-lived. In collider experiments, we can forget about the gravitino; the second lightest
supersymmetric particle will play the same role as the LSP does in the more conventional
scenario.
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X˜ is
X˜ → Y + (2n+ 1)χ˜LSP n = 0, 1, 2, . . . (2.20)
where Y consists of R-even particles. Since X˜ is heavy, it will decay rapidly (even
if its decay amplitude is of weak interaction strength), leaving no gaps in collider
detectors.
(iv) The LSP interacts very weakly with matter.
The LSP interacts with matter via the exchange of a heavy virtual supersymmetric
particle, as required by R-parity invariance, since at each interaction vertex an even
number of R-odd particles must appear. Thus, in collider detectors the LSP behaves
like a neutrino.
As a result of the four basic properties just enumerated, it follows that one or
more LSP’s will always be produced in the decay chain of any unstable supersym-
metric particle. The LSP then escapes the collider detector without being directly
observed. Thus, one of the hallmark signatures of supersymmetric particle produc-
tion is the “observation” of missing (transverse) energy.
†
To prove that a missing
transverse energy signal was evidence for physics beyond the Standard Model, one
would have to prove that the missing energy could not be accounted for by neutrinos
or fake missing energy generated by mismeasurement.
At hadron colliders, the most important supersymmetric particle searches in-
volve the production of gluinos and squarks. Since these are colored (strongly in-
teracting) particles, they are produced with the largest cross sections. In contrast,
at e+e− colliders, all particles with non-zero electroweak charge are produced with
comparable cross sections (of order 1 “unit” of R). These include squarks, sleptons,
sneutrinos, charginos and neutralinos. The properties of the various signatures de-
pend in detail on the various decay branching ratios. The missing transverse energy
signature is only one of many possible distinguishing features of the supersymmetric
particle decay chains. Present bounds on supersymmetric particle masses have been
obtained from a variety of experiments at e+e− and pp¯ colliders. No signal has yet
been found above Standard Model backgrounds. A comprehensive list of supersym-
metric particle searches has been compiled by the Particle Data Group [100]. More
recently, new limits on squark and gluino masses (obtained at the Tevatron) have
been published by the CDF Collaboration [105].
A word of caution is in order when considering the published limits on squark
and gluino masses at pp¯ colliders. First, mass limits are sometimes given assuming
† In hadronic colliders, where the total energy of a given hard collision is not known, it is
not possible to detect energy that escapes in a direction longitudinal to the beam direction.
Transverse missing energy can be inferred from the detection of an imbalance in the total
momentum transverse to the beams.
that the q˜ and/or g˜ decays exclusively consist of direct decays into χ˜01 (plus hadronic
jets). In this case, χ˜01 (which is assumed to be the LSP) may carry off substantial
“missing” transverse energy which provides the experimental signature for these
events. However, one must also consider the possibility of g˜ and q˜ “cascade” decays.
These are decays in which the g˜ and/or q˜ first decays into a heavier neutralino or
chargino state, which then subsequently decays and produces a χ˜01 at the end of
the decay chain. In cascade decays, the missing transverse energy is on average
softer than in direct decays to χ˜01. However, the probability of cascade decays
increases as the squark and gluino masses become larger [106]. As a result, Tevatron
limits on squark and gluino masses based on an assumption of no cascade decays
are overestimates of the true experimental mass limits. Second, limits on squark
masses are obtained at the pp¯ colliders under the assumption of five flavors of mass-
degenerate q˜L and q˜R. Omitted from this list are t˜L and t˜R, since t˜L–t˜R mixing
may significantly lower the mass of the lightest t˜ eigenstate. A mass limit (from pp¯
collider data) for the t˜, assuming that it is lighter than all other squarks, has not
been published.
The present limits on supersymmetric particles is summarized in Table 5. These
mass limits are still far away from the O(1 TeV) upper limit expected from natural-
ness arguments. Only the future colliders (LHC, SSC, NLC and beyond) will have
sufficient energy to fully probe the TeV region. These machines will either discover
evidence for supersymmetric particles or rule out the low-energy supersymmetry
scenario.
2.4. Alternative Low-Energy Supersymmetry Phenomenologies
In Lecture 2, I have focused primarily on the parameters of the MSSM and
its phenomenology. The assumption of R-parity invariance played a central role in
establishing the importance of the missing-energy signature for the MSSM. However,
it is important to be open to alternatives. Thus, in this section, I briefly consider
the implications of R-parity violating low-energy supersymmetry. The R-parity
violation can be either spontaneous or explicit.
Spontaneously broken R-parity can be achieved within the context of the MSSM!
Simply arrange the parameters of the scalar potential so that 〈ν˜τ 〉 6= 0. This will
spontaneously break lepton number and R-parity. For example, if the supersym-
metric parameters are such that
M2ν˜ =M
2
L +
1
2m
2
Z cos 2β < 0 , (2.21)
then the sneutrino field will acquire a vacuum expectation value. Phenomenological
limits on lepton number violation imply that 〈ν˜τ 〉 <∼ 10 GeV, for MSUSY <∼ 1
TeV [107]. However, such a model would possess a Majoron (the Goldstone boson
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Table 5. Present Limits on Supersymmetric Particles∗
Bound on
Particle Mass
Particle (GeV) Source
χ˜01 18.4

Based on the LEP non-observation of
χ˜0i and χ˜
+
1 , CDF non-observation of g˜,
and the assumption of gaugino mass
unification.†
χ˜02 45
χ˜03 70
χ˜04 108
χ˜±1 45.2 LEP
χ˜±2 99 See neutralino mass limits above.
ν˜ 41 Assumes the ν˜ decays are invisible (oth-
erwise Mν˜ < 32 GeV). Based on LEP
measurement of Γ(Z → invisible final
states).
e˜ 45 LEP; assumes Mχ˜01 < 41 GeV
‡
µ˜ 45 LEP; assumes Mχ˜01 < 41 GeV
‡
τ˜ 45 LEP; assumes Mχ˜01 < 38 GeV
‡
q˜ 45 LEP; assumes Mχ˜01 < 20 GeV
74 UA2 (any Mg˜)
⋆
∼95 CDF (Mq˜ < Mg˜)⋆
g˜ 79 UA2 (Mg˜ < Mq˜)
∼95 CDF
∗ All limits (except the CDF limits on squark and gluino masses) are taken from
ref. [100].
† Theoretical analysis of ref. [108], based on LEP non-observation of Z0 → χ˜+1 χ˜−1 ,
χ˜01χ˜
0
2, the LEP measurements of Γ(Z
0) and Γ(Z → invisible final states), and
the CDF Collaboration limit on Mg˜. In addition, eq. (2.8) relating gaugino
Majorana mass parameters is assumed.
‡ Assumes Mℓ˜L =Mℓ˜R and ℓ˜→ ℓ χ˜01. If ℓ˜ is stable, then Mℓ˜ > 40 GeV.
⋆ Assumes five flavors of mass-degenerate q˜L, q˜R.
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of spontaneous lepton violation) and an associated light scalar which would have
been detected in Z decay. Thus, the model just described is not phenomenologically
viable. Realistic models of spontaneous R-parity violation necessarily involve a non-
minimal extension of the MSSM [109].
Explicitly broken R-parity models can be obtained by setting WNR 6= 0 [see
eq. (1.47)], One can set bounds on λL, λ
′
L, µ
′ and λB based on B and L violation
limits in a variety of Standard Model processes [110,111]. For example, an analysis
of ref. 111 yields upper limits for λL, λ
′
L and λB scaled by [Mf˜/100 GeV] given in
Table 6.
Table 6. Bounds on R-parity Violating Couplings [111]
L̂aL̂bÊc L̂aQ̂bD̂c ÛaD̂bD̂c
abc λL < abc λ
′
L < abc λb <
121 0.04 111 0.01 112 10−9
122 0.04 112 0.03
123 0.04 113 0.03
131 0.10 121 0.26
132 0.10 122 0.45
133 0.10 123 0.26
231 0.09 131 0.26
232 0.09 133 0.01
233 0.09 211 0.09
212 0.09
213 0.09
221 0.22
231 0.22
The phenomenology of R-parity violating models is radically different from that
of the MSSM. In contrast to the MSSM, models of R-parity violation exhibit the fol-
lowing features: (i) the LSP in unstable; (ii) superpartners can be singly produced;
and (iii) there is a potential for observable L (or B) violation in high-energy colli-
sions. In particular, the missing energy signature is no longer a necessary feature of
supersymmetric particle production. See, e.g., ref. [110] for a detailed treatment of
this alternative phenomenology.
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3. Radiative Corrections to Tree-level Low-Energy
Supersymmetry
In this lecture, I will examine the influence of radiative corrections on the MSSM.
Precision electroweak measurements at LEP now permit us to test the Standard
Model to roughly one part in a thousand. No deviations from the Standard Model
have yet been observed; this already imposes interesting constraints on models of
physics beyond the Standard Model. Radiative corrections can also affect the nat-
ural relations of the MSSM. These are relations among MSSM observables that are
modified by finite (and therefore calculable) radiative corrections [112]. Naively, one
might expect the radiative corrections to natural relations to be small. However,
I shall show that there are very large corrections to relations among observables
in the MSSM Higgs sector. These results have an significant impact on the direct
searches for Higgs bosons at present and future colliders.
3.1. MSSM Contributions to Precision Electroweak Measurements
It may be possible to detect deviations from the Standard Model in precision
electroweak measurements due to the effects of the virtual exchange of particles
associated with new physics beyond the Standard Model. Typically, the intrinsic
mass scale of the new physics (call it M) lies sufficiently above mZ such that we
can formally integrate out the effects of the new “heavy physics”. The end result
is that there are two contributions to the radiative corrections to the energy scale
mZ . The first contribution represents pure Standard Model physics, while the sec-
ond contribution reflects the remnant of the heavy physics that has been integrated
out. The decoupling theorem [113] implies that radiative corrections to electroweak
observables from such new physics should be of O(g2m2Z/M2). That is, the vir-
tual effects due to new physics should formally decouple as M → ∞. However,
in spontaneously broken gauge theories, an exception to the decoupling theorem
arises [114–116]. Suppose we wish to consider the virtual effects of a certain particle
whose massm is proportional to a dimensionless coupling of the theory. In this case,
the virtual effects due to such a particle do not decouple in the large m limit. Two
examples in the Standard Model are the top quark, whose mass is proportional to
a Higgs-quark Yukawa coupling, and the Higgs boson, whose mass is proportional
to the Higgs self-coupling.
The classic example of non-decoupling can be seen in the ρ-parameter of elec-
troweak physics [114,117]. If one defines ρ ≡ m2W/m2Z cos2 θW , then at tree-level
ρ = 1 in any SU(2)×U(1) model whose Higgs sector consists entirely of weak scalar
doublets (e.g., the Standard Model and the MSSM). Since ρ = 1 is a “natural”
relation in such models, the deviation of ρ from one is calculable when radiative
corrections are incorporated. To proceed, one must carefully define the observables
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of the model in order to establish a useful one-loop definition for ρ. For example,
in ref. [118], ρ ≡ ρNC is defined as the ratio of the neutral current neutrino-nucleon
inclusive cross-section relative to the corresponding charged current cross-section,
normalized to 1 at tree-level [see eq. (3.23)]. A recent theoretical analysis of LEP
data in ref. [119] gives ρ = 0.9995± 0.0051. In the Standard Model, the deviation
of ρ from 1 is predicted to be quite small unless there exist particles with nontrivial
electroweak quantum numbers that are substantially heavier than the Z boson. It
is therefore convenient to define
ρ ≡ ρRSM + δρ , (3.1)
where ρRSM ≃ 1 is the ρ parameter in a “reference Standard Model” (RSM) in
which the radiative corrections to ρ are very small. In order to exhibit the explicit
dependence of ρ on the top quark and Higgs masses, let us choose a RSM in which
mt = mb and mφ0 = mZ (where mφ0 is the mass of the Standard Model Higgs
boson). Then, in the Standard Model, assuming mφ0 ≫ mZ [114,117,118]
δρ ≃ g
2Nc
32π2m2W
F (m2t , m
2
b)−
3g2
64π2c2W
[
s2W ln
(
m2φ0
m2Z
)
− c
4
W
s2W
ln
(
m2W
m2Z
)
− 1
]
, (3.2)
where Nc = 3, sW ≡ sin θW , cW ≡ cos θW , and the function F is defined by
F (m21, m
2
2) ≡ 12(m21 +m22)−
m21m
2
2
m21 −m22
ln
(
m21
m22
)
. (3.3)
In deriving eq. (3.2), mφ0 is assumed to be much larger than mZ . As advertised,
the decoupling theorem is not respected in the limit of large top quark and/or Higgs
mass. The quadratic dependence of δρ on mt yields a useful constraint on the top
quark mass.
⋆
In contrast, the dependence of δρ on mφ0 is only logarithmic and is
therefore not very useful in constraining the Higgs mass.
†
The contributions of physics beyond the Standard Model to electroweak observ-
ables occur primarily through virtual loop corrections to gauge boson propagators,
sometimes called “oblique” corrections [122]. As an example, this is typically a
good approximation in the case of virtual Higgs boson corrections, since the Higgs
coupling to light fermions is suppressed by a factor mf/mW . However, there are a
number of cases where one-loop vertex and box corrections involving the coupling
⋆ Radiative corrections to other electroweak observables also depend nontrivially on mt (e.g.,
see refs. [119–120]). For example, a recent analysis by Langacker [81] yields mt < 197 GeV
at 95% CL.
† This is an example of Veltman’s screening theorem [121].
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of charged Higgs bosons to tb¯ are not especially small. I will consider this possibility
briefly in section 3.2. In this section, I shall work in the oblique approximation and
assume that the radiative corrections to an electroweak observable of interest are
dominated by virtual heavy particle corrections to gauge boson propagators.
Before proceeding with a discussion of the general parametrization of the oblique
corrections, let us recall some basic facts from the theory of on-shell renormalization
of the electroweak theory [123,124]. It is sufficient to focus our attention on the
renormalization of the gauge boson propagators. Let
iΠµνij (q) = ig
µνAij(q
2) + iqµqνBij(q
2) , (3.4)
be the sum of all one-loop Feynman graphs contributing to the Vi–Vj two-point
function, where q is the four-momentum of the vector boson (V = W, Z or γ).
Only the functions Aij are relevant for the subsequent analysis. It is convenient to
write
Aij(q
2) = Aij(0) + q
2Fij(q
2) , (3.5)
which define the quantities Fij . Gauge invariance implies that Aγγ(0) = 0. In addi-
tion, the sum of new heavy particle contributions to AZγ(0) also vanishes exactly.
Only gauge boson loops can produce nonzero contributions to AZγ(0) [in the stan-
dard R-gauge]. One now defines the gauge boson squared-mass counterterm, δm2V ,
by
m2V 0 = m
2
V − δm2V , (3.6)
for V = W or Z, where mV 0 is the bare mass and mV is the renormalized mass.
The counterterm is fixed by the condition
δm2V = ReAV V (m
2
W ) . (3.7)
This guarantees that the physical gauge boson mass corresponds to the pole of the
renormalized propagator. Next, we introduce Sirlin’s definition [125] of sin2 θW in
terms of the physical W and Z masses
sin2 θW = 1−
m2W
m2Z
. (3.8)
In the “on-shell” renormalization scheme of Sirlin [125], the input parameters to the
electroweak theory are taken to be α (the fine-structure constant), mZ and GF . All
other observables in electroweak physics are predicted in terms of these three input
parameters.
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For example, the W mass is one of the predictions of the electroweak theory, as
I now demonstrate. Tree-level relations of the model can be regarded as relations
among bare parameters (which are denoted by the subscript 0). Thus,
m2W0 =
πα0√
2GF0 sin
2 θW0
. (3.9)
It is useful to introduce the following combination of physical parameters
µ ≡ πα√
2GF
= (37.2802 GeV)2 . (3.10)
Let us introduce renormalized quantities and counterterms as before: α0 = α− δα,
etc. Then eq. (3.9) can be used to derive a formula for the one-loop renormalized
W mass parameter
m2W =
µ2
sin2 θW
(
1− δα
α
+
δGF
GF
+
δs2
s2
+
δm2W
m2W
)
, (3.11)
where s2 ≡ sin2 θW . One can derive a formula for δs2/s2 by taking the variation of
eq. (3.8)
δs2
s2
=
1− s2
s2
(
δm2Z
m2Z
− δm
2
W
m2W
)
. (3.12)
Inserting this result into eq. (3.11), one finds
m2W =
µ2
s2
[
1− δα
α
+
δGF
GF
+
(
1− s2
s2
)
δm2Z
m2Z
+
(
2s2 − 1
s2
)
δm2W
m2W
]
. (3.13)
The W and Z counterterms are fixed as before by requiring that the renormalized
parameters m2W and m
2
Z be the physical masses measured in experiment. In terms
of the notation of eq. (3.5),
δm2W
m2W
=
AWW (0)
m2W
+ FWW (m
2
W ) ,
δm2Z
m2Z
=
AZZ(0)
m2Z
+ FZZ(m
2
Z) .
(3.14)
By inserting eq. (3.8) for s2 on the right hand side of eq. (3.13), one obtains an im-
plicit equation for the physical W mass. As a result, all infinites must cancel exactly
when the right-hand side of eq. (3.13) (appropriately regularized) is evaluated.
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The prediction for theW mass in the Standard Model is well known [126]. Here,
we are interested in the W mass shift from the Standard Model prediction due to
new physics. In particular, we need to compute the new physics contributions to
δα/α and δGF/GF in the oblique approximation. First, we define the observable α
via the Thomson limit in QED. That is, consider
lim
q2→0


where the unlabeled loop contains the contributions from new heavy physics. In
equations, the one-loop definition of α (or e2) reads
lim
q2→0
e2
(−i
q2
)
= e20
(−i
q2
)
+ e20
(−i
q2
)
iAγγ(q
2)
(−i
q2
)
, (3.15)
which implies that
α = lim
q2→0
α0
(
1 +
Aγγ(q
2)
q2
)
= α0 [1 + Fγγ(0)]
= (α− δα) [1 + Fγγ(0)] .
(3.16)
Thus, in the oblique approximation,
δα
α
= Fγγ(0) . (3.17)
Note that in the q2 → 0 limit, Z–γ mixing diagrams do not contribute, since new
heavy physics does not contribute to AZγ(0).
The physical value for the Fermi constant GF is defined through µ-decay. Con-
sider
lim
q2→0


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where, as above, the unlabeled loop contains contributions from new heavy physics.
A similar calculation as above yields
GF = lim
q2→0
GF0
(
1 +
AWW (q
2)
q2 −m2W
)
= (GF − δGF )
(
1− AWW (0)
m2W
)
.
(3.18)
Thus, in the oblique approximation,
δGF
GF
= −AWW (0)
m2W
. (3.19)
We can define a neutral current coupling GNC in analogy with GF . The physical
process of relevance is νe− elastic scattering. Then, by a similar computation as
above, one arrives at a result analogous to eq. (3.19)
δGNC
GNC
= −AZZ(0)
m2Z
. (3.20)
Combining the results obtained above, eq. (3.13) yields the following formula
for the contribution of new physics to the W mass (in the oblique approximation)
m2W =
µ2
s2
(1 + ∆r) , (3.21)
where
∆r = −Fγγ(0) +
(
1− s2
s2
)[
AZZ(0)
m2Z
− AWW (0)
m2W
]
+
(
1− s2
s2
)
FZZ(m
2
W ) +
(
2s2 − 1
s2
)
FWW (m
2
W ) .
(3.22)
Another physical observable of interest is ρNC which was discussed earlier. Formally,
we may define
ρNC ≡
GNC
GF
≡ 1 + δρ . (3.23)
Taking the variation of this equation yields
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δρ =
δGNC
GNC
− δGF
GF
. (3.24)
In the oblique approximation, we find [using eqs. (3.19) and (3.20)] that the contri-
bution of new physics to the shift in ρNC is
δρ =
AWW (0)
m2W
− AZZ(0)
m2Z
. (3.25)
One can study other electroweak observables in a similar fashion. A remarkable
fact is that the heavy particle contributions to the oblique radiative corrections can
be summarized in terms of three numbers called S, T and U [127–129, 124]. T is
related simply to the ρ parameter
ρ− 1 = αT , (3.26)
where α is the usual fine structure constant. To formally define the three quan-
tities S, T and U , one proceeds as follows. The oblique radiative corrections to
electroweak observables can be expressed in terms of the various functions Aij(0)
and Fij(q
2) introduced in eq. (3.5), where the q2 that appears depends on the par-
ticular observable of interest. A major simplification takes place if one is interested
in the effects of new heavy physics characterized by a scale M ≫ mZ . In this
case, since q2 is of order m2Z , one only makes an error of O(m2Z/M2) by neglecting
the q2 dependence of the Fij . Then, one can show that the oblique corrections to
electroweak observables due to heavy physics can be expressed in terms of three
particular combinations of the Aij(0) and Fij
αT ≡ AWW (0)
m2W
− AZZ(0)
m2Z
,
g2
16πc2W
S ≡ FZZ(m2Z)− Fγγ(m2Z) +
(
2s2W − 1
sW cW
)
FZγ(m
2
Z) ,
g2
16π
(S + U) ≡ FWW (m2W )− Fγγ(m2W )−
cW
sW
FZγ(m
2
W ) .
(3.27)
Note that the Aij(0) and Fij in the above formulae are divergent quantities. Never-
theless, if one includes a complete set of contributions from a gauge invariant sector,
then S, T , and U will be finite constants. The Higgs sector by itself does not consti-
tute a gauge invariant sector (the gauge bosons must also be included). In order to
obtain finite quantities that solely reflect the influence of heavy Higgs physics, one
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must define δS, δT and δU relative to some reference Standard Model where mφ0
is fixed to a convenient value. For example, if we choose a RSM with mφ0 = mZ ,
then the change in S due to a fourth generation of fermions U and D (with electric
charges eD + 1 and eD respectively) and a heavy Higgs boson of mass mφ0 is given
by
δS ≃ Nc
6π
[
1 + (1 + 2eD) ln
(
m2D
m2U
)]
+
1
12π
[
ln
(
m2φ0
m2Z
)
− 3π
√
3 +
107
6
]
, (3.28)
where mU , mD, mφ0 ≫ mZ has been assumed. Once again, the non-decoupling
effects of the heavy physics are apparent.
The effects of heavy physics on numerous electroweak observables are immedi-
ately known once the corresponding contributions to S, T and U have been com-
puted. For example, consider the shift in theW mass due to new physics. It is com-
mon practice to rewrite the factor 1 +∆r that appears in eq. (3.21) as 1/(1−∆r).
These expressions are formally equivalent up to one-loop. However the latter form
is more useful in that it correctly sums the one-loop leading logs [130]. Thus, the
one-loop prediction for mW is obtained by solving the following equation for the W
mass
m2W
(
1− m
2
W
m2Z
)
=
(
πα√
2GF
)2
1
1−∆r . (3.29)
The contributions of new physics to ∆r in the oblique approximation was obtained
in eq. (3.22). It is then a simple matter to re-express this result in terms of S, T
and U :
∆r =
g2
8π
[
S − 2c2WT +
(
2s2W − 1
2s2W
)
U
]
. (3.30)
Other examples can be found in refs. [127–129].
In computing the contributions of the MSSM to S, T and U , it is convenient to
consider separately the contributions of the various sectors of particles not contained
in the Standard Model. Each sector, when appropriately defined, yields a finite shift
to S, T and U . The relevant particle sectors include all supersymmetric particles
and the physical Higgs bosons (beyond the minimal neutral Higgs scalar of the
Standard Model). Specifically, we examine the contributions to S, T and U from:
A. The squarks and sleptons. Note that each squark and each slepton generation
(i.e., summing over both up-type and down-type superpartners) contributes
separately a finite result to S, T and U .
B. The neutralinos and charginos.
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C. The MSSM Higgs sector.
The treatment of the MSSM Higgs sector requires some care to insure a finite
contribution to S, T and U . As before, one must first define the RSM. Then,
S = SRSM + δS ,
T = TRSM + δT ,
U = URSM + δU ,
(3.31)
where the MSSM Higgs sector contributions to δS, δT and δU are obtained from
eq. (3.27) by computing the MSSM Higgs loops contributing to Aij(0) and Fij
(including diagrams with one virtual Higgs boson and one virtual gauge boson) and
subtracting off the corresponding Higgs loops of the RSM. In the present case, it is
convenient to define the RSM to be the Standard Model with the Standard Model
Higgs boson mass set equal to the mass of the lightest CP-even Higgs scalar of the
MSSM. In addition, until mt is known, the definitions of δS, δT and δU will depend
on the value of mt chosen for the RSM. Typically, one chooses mt = mZ (equal
to the present experimental CDF lower bound [80]) in order to obtain conservative
limits on the possible new physics contributions to S, T and U .
Some of the results for the MSSM contributions to S, T and U are presented
below [131]. The qualitative behavior of these results is easily summarized. The
contribution of any given sector to δS, δT and δU behaves as
δS(MSSM) ∼ δT (MSSM) ∼ O
(
m2Z
M2SUSY
)
, (3.32)
δU(MSSM) ∼ O
(
m4Z
M4SUSY
)
, (3.33)
in the limit where MSUSY ≫ mZ . In each sector, MSUSY corresponds roughly to
the mass parameter that contributes the dominant part of the corresponding sector
masses.
⋆
Thus, all MSSM contributions to S, T and U vanish at least quadratically
in MSUSY as the supersymmetric particle masses become large. Unlike the non-
supersymmetric examples presented previously, the effects of the supersymmetric
particles (and all Higgs bosons beyond h0) smoothly decouple; the resulting low-
energy effective theory at the scale mZ is precisely that of the Standard Model.
This decoupling behavior is easily understood. As an example, consider the effects
⋆ These masses are: in sector A, the SU(2)×U(1) conserving diagonal squark and slepton
masses (M
Q˜
, M
U˜
, M
D˜
, M
L˜
and M
E˜
); in sector B, the gaugino mass parameters M1 and M2
and the Higgs superfield mass parameter µ; and in sector C, the CP-odd Higgs mass, mA0 .
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of the MSSM Higgs sector. As indicated above, the sum of the contributions to
S, T and U is finite after subtracting off the contribution of the Standard Model
Higgs boson with mφ0 = mh0 . According to eq. (1.73), the mass of h
0 cannot be
arbitrarily large—it is bounded at tree level by mZ . All other Higgs masses can
become large by taking mA0 ≫ mZ . In this limit, we see that mH± ≃ mH0 ≃ mA0
and mh0 ≃ mZ | cos 2β|. However, in this limit, the large Higgs masses are due
to the large value of the mass parameter m12 [see eq. (1.68)] rather than a large
Higgs self-coupling (as in the large Higgs mass limit of the Standard Model). In
particular, the Higgs self-couplings in the MSSM are gauge couplings which can
never become large. As a result, the decoupling theorem applies. Similar arguments
can be applied to the other sectors. Supersymmetric particle masses can be taken
large by increasing the values of SU(2)×U(1) conserving mass parameters. Thus,
the virtual effects of heavy supersymmetric particles must decouple.
†
Let us now turn to some specific calculations [132,131]. The only remaining
question is to evaluate the constant of proportionality that is implicit in eqs. (3.32)
and (3.33). In particular, note that δU ≪ δS, δT , so I shall focus primarily on δS
and δT below. It is important to emphasize that the S, T , U formalism is useful
only in the limit where the new physics is sufficiently heavy as compared to mZ . In
the present application, “sufficiently heavy” means that it is a good approximation
to keep only the leading O(m2Z/M2SUSY) terms. Because of various additional fac-
tors such as 1/16π2 which typically arise in loop-calculations, I expect the results
presented below to be reasonably accurate for supersymmetric masses above, say,
150 GeV. For lighter supersymmetric particle masses, more precise computations
are required.
‡
Consider first the contributions of the top/bottom squark system. One can
easily diagonalize the two 2× 2 squark mass matrices [eq. (1.55)] to find the mass
eigenstates and corresponding mixing angles. To a good approximation, we can
neglect the mixing between b˜L and b˜R. Denote the top-squark mass eigenstates by
t˜1 and t˜2 with corresponding mixing angle θt. Then, in terms of the function F
defined in eq. (3.3),
δρ(t˜, b˜) =
g2Nc
32π2m2W
[
cos2 θtF (m
2
t˜1
, m2
b˜L
) + sin2 θtF (m
2
t˜2
, m2
b˜L
)
− sin2 θt cos2 θtF (m2t˜1, m
2
t˜2
)
]
.
(3.34)
† One can also show that the couplings of the supersymmetric fermions (charginos and neu-
tralinos) to the massive gauge bosons become purely vector-like in the limit of large fermion
mass. Thus, again the decoupling theorem applies to the heavy virtual supersymmetric
fermion exchanges.
‡ However, note that the calculation of T (or the ρ parameter) is meaningful over the entire
range of possible supersymmetric masses.
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F (m21, m
2
2) has the following properties in the limit of |m21 −m22| ≪ m21, m22
F (m21, m
2
2) ≃
(m21 −m22)2
6m22
,
F (m21, m
2
3)− F (m22, m23) ≃ (m21 −m22)
[
1
2
+
m23
m23 −m22
+
m43
(m23 −m22)2
ln
(
m22
m23
)]
.
(3.35)
Using these results and explicit formulae for the top-squark masses and mixing
angles obtained from diagonalization of the squark mass matrix, one ends up with
δρ(t˜, b˜) ≃ g
2Ncm
4
tK
32π2m2WM
2
SUSY
, (3.36)
where I have assumed that MSUSY ≫ mZ , mt. Here, MSUSY is the largest of the
supersymmetric mass parameters that appear in the squark mass matrix, and K is a
dimensionless function of the model parameters. In particular, K approaches a con-
stant in the limit where one or more of the various supersymmetric masses become
large, so that eq. (3.36) exhibits the expected decoupling behavior. It may appear
that the correction exhibited in eq. (3.36) is significantly enhanced by a factor of
m4t . However, this result is deceptive, since we must compare it to the correspond-
ing Standard Model result [eq. (3.2)]. One sees that the MSSM contribution is in
fact suppressed by m2t /M
2
SUSY relative to the Standard Model result. Of course,
this is not a suppression if the relevant supersymmetric mass parameters are small.
For example, in the supersymmetric limit (Mt˜1 = Mt˜2 = mt and Mb˜L = mb), one
finds δρ(t˜, b˜) = δρ(t, b), in which case δρ would be twice as large as its predicted
Standard Model value. This demonstrates that an appreciable MSSM contribution
to precision electroweak measurements is possible in principle if supersymmetric
particle masses are light enough. However, once these masses are taken larger than
mt, their contributions to one-loop effects diminish rapidly.
In fig. 3, I plot the squark and slepton contributions to S and T for a typical
set of MSSM parameters. For simplicity, all diagonal squark soft-supersymmetry
breaking parameters have been taken equal to M
Q˜
. In addition, I have included
squark mixing (which is appreciable only in the top squark sector) by taking all
A-parameters equal to M
Q˜
. For illustrative purposes, I have chosen µ = −200 GeV
(and tanβ = 2) which enhances somewhat the top squark mixing. This choice of
parameters leads to a large mass splitting of the top squark eigenstates (and a rather
light top squark) when M
Q˜
is near its lower limit as shown in fig. 3. Nevertheless,
we see that the contributions to S and T from the squark and slepton sector never
exceed 0.1 for the parameters shown. As suggested above, larger values for δT can
occur only for parameter choices approaching the supersymmetric limit.
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Consider next the contributions to S and T from the neutralino and chargino
sector, shown in fig. 4. Again, one never sees values of δS and δT larger than 0.1. I
have omitted plotting δS in the region of small µ, since the lightest chargino mass
is <∼ mZ in this region of parameter space. In this case, it is no longer true that
all particle masses associated with the “new physics” lie significantly above mZ , so
that the assumption that the radiative corrections are simply parametrized by S, T
and U breaks down.
Finally, I consider the contributions to S and T from the MSSM Higgs sector.
Here one must be careful to define these contributions relative to the RSM, as
discussed above. In this case, I subtract out the contribution of the Standard Model
Higgs boson whose mass is chosen to be equal to the mass of the lightest CP-even
scalar (mh0). The results of an exact one-loop computation of the MSSM Higgs
contributions to S, T and U are recorded below.
⋆
First, for δS and δU I find
δS =
1
πm2Z
{
sin2(β − α)B22(m2Z ;m2H0, m2A0)− B22(m2Z ;m2H±, m2H±)
+ cos2(β − α)
[
B22(m2Z ;m2h0 , m2A0) + B22(m2Z ;m2Z , m2H0)− B22(m2Z ;m2Z , m2h0)
−m2ZB0(m2Z ;m2Z , m2H0) +m2ZB0(m2Z ;m2Z , m2h0)
]}
,
δU = −δS + 1
πm2Z
{
B22(m2W ;m2A0, m2H±)− 2B22(m2W ;m2H±, m2H±)
+ sin2(β − α)B22(m2W ;m2H0, m2H±)
+ cos2(β−α)
[
B22(m2W ;m2h0 , m2H±)+B22(m2W ;m2W , m2H0)−B22(m2W ;m2W , m2h0)
−m2WB0(m2W ;m2W , m2H0) +m2WB0(m2W ;m2W , m2h0)
]}
.
(3.37)
The following notation has been introduced for the various loop integrals
B22(q2;m21, m22) ≡ B22(q2;m21, m22)− B22(0;m21, m22) , (3.38)
B0(q2;m21, m22) ≡ B0(q2;m21, m22)−B0(0;m21, m22) , (3.39)
and B22 and B0 are defined according to ref. [133] (up to an overall sign in some
⋆ See refs. [116,134–136] for previous work on radiative corrections in two-Higgs doublet models.
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cases since I use the Bjorken and Drell metric [45]). Explicitly,
B22(q
2;m21, m
2
2) =
1
4(∆ + 1)
[
m21 +m
2
2 − 13q2
]− 12
1∫
0
dxX ln(X − iǫ) , (3.40)
B0(q
2;m21, m
2
2) = ∆−
1∫
0
dx ln(X − iǫ) , (3.41)
where
X ≡ m21x+m22(1− x)− q2x(1− x) (3.42)
and ∆ is the regulator of dimensional regularization defined by
∆ =
2
4− n + ln(4π) + γ , (3.43)
n is the number of space-time dimensions and γ is Euler’s constant. Of course, in
the calculation of physical observables, terms proportional to ∆ must exactly cancel.
The following two relations are particularly useful:
4B22(0;m
2
1, m
2
2) = F (m
2
1, m
2
2) + A0(m
2
1) + A0(m
2
2) , (3.44)
B0(0;m
2
1, m
2
2) =
A0(m
2
1)−A0(m22)
m21 −m22
, (3.45)
where F (m21, m
2
2) is defined in eq. (3.3), and
A0(m
2) ≡ m2(∆ + 1− lnm2) . (3.46)
Finally, consider δρ = αδT . I find:
δT =
1
16πm2W s
2
W
{
F (m2H±, m
2
A0) + sin
2(β − α) [F (m2H±, m2H0)− F (m2A0 , m2H0)]
+ cos2(β − α) [F (m2H±, m2h0)− F (m2A0, m2h0) + F (m2W , m2H0)
−F (m2W , m2h0)− F (m2Z , m2H0) + F (m2Z , m2h0)
]
+ 4m2Z
[
B0(0;m
2
Z , m
2
H0)− B0(0;m2Z , m2h0)
]
− 4m2W
[
B0(0;m
2
W , m
2
H0)− B0(0;m2W , m2h0)
]}
,
(3.47)
where sW ≡ sin θW .
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Note that the above expressions for δS, δT and δU are valid for an arbitrary
two-Higgs doublet extension of the Standard Model [134–136]. In the MSSM, tree-
level relations exist among the Higgs masses and angles α and β as discussed at
the end of Lecture 1. By virtue of these relations, the numerical values of δS and
δT in the MSSM are much smaller than 1. Numerical results are shown in fig. 5.
To understand why the numerical values for the MSSM-Higgs contributions to δS
and δT are particularly small, it is instructive to evaluate the expressions obtained
above in the limit of mA0 ≫ mZ . I find†
δS(MSSM−Higgs) ≃ m
2
Z(sin
2 2β − 2 cos2 θW )
24πm2A0
, (3.48)
δT (MSSM−Higgs) ≃ m
2
Z(cos
2 θW − sin2 2β)
48πm2A0 sin
2 θW
. (3.49)
An analysis of S, T and U based on LEP data (assuming a RSM where mt =
mφ0 = mZ) reported in ref. [101] yields: δS = −0.97 ± 0.67, δT = −0.18 ± 0.51
and δU = 0.07± 0.97. It is hard to imagine that the these quantities could ever be
measured to an accuracy better than 0.1, whereas the analysis above implies that
the contributions of the MSSM to S and T must lie below 0.1 if all supersymmet-
ric particle masses are above mZ . One must also consider the possibility of other
contributions to δS and δT . As long as mt is not well known, there will be mt de-
pendence in these quantities (entering through the mt choice of the RSM). However,
even when mt is known with some accuracy, it is doubtful that virtual effects of the
MSSM will be detected via its oblique radiative corrections.
3.2. MSSM Radiative Corrections to Processes Involving b Quarks
In the previous section, I demonstrated that oblique radiative corrections due to
supersymmetric particle exchange are not observable if all supersymmetric particle
masses lie much above mZ . However, this leaves the possibility that certain non-
oblique radiative corrections might be detectable. In this section, I shall briefly
address this possibility.
A promising class of non-oblique radiative corrections consists of processes that
involve an external b-quark. Three examples of such processes that have been stud-
ied in the literature are: (i) charged Higgs box diagram contributions to B0–B0
mixing [137–141]; (ii) the charged Higgs vertex correction to Z → bb¯ [142]; and
(iii) the charged Higgs vertex corrections to rare b-decays [138–140,143–146] such
† Asymptotically, δU(MSSM–Higgs) = O(m4Z/m4A), which is completely negligible.
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as b → sγ, b → sℓ+ℓ−, b → sg and b → sνν¯. Here, I shall take the charged Higgs
coupling to tb¯ to be of the form that occurs in the MSSM
gH−tb¯ =
g
2
√
2mW
[mt cot β(1 + γ5) +mb tanβ(1− γ5)] . (3.50)
Of course, in the MSSM there will also be supersymmetric particle contributions to
all of the one-loop processes mentioned above. Some of these contributions (e.g.,
loops containing top-squarks) could be as important as the charged Higgs effects.
Depending on the sign of the relative contributions (which depends in detail on the
MSSM parameters), the overall MSSM contribution to the various rare b decays
could be substantially different from the charged Higgs effects alone [139,142,147].
Among the rare b-decays, the charged Higgs contribution to b→ sγ is perhaps
the most promising. The theoretical prediction for this rate in the Standard Model
is BR(B → Kγ+X) ≃ 3.6×10−4 (4.1×10−4), for mt = 150 (200) GeV, where the
leading log QCD corrections have been included [140]. Incorporating the charged
Higgs contribution enhances the b → sγ branching ratio over the Standard Model
expectation. An explicit computation shows that the amplitude for b → sγ in the
two-Higgs doublet model (omitting supersymmetric particle contributions) has the
following structure
M(b→ sγ) = eg
2m3bVtbV
∗
ts
m2W
×
[
AW + (AH1 cot
2 β + AH2) ×
{ 1, mH± ≪ mt
m2t /m
2
H± , mt ≪ mH±
}]
(3.51)
where AW , AH1 and AH2 are dimensionless functions of the particle masses aris-
ing from the loop graphs involving W and H± exchange. In particular, AH1 and
AH2 approach finite non-zero constants in the two limiting cases indicated above.
Eq. (3.51) illustrates two of the features encountered in section 3.1. On one hand,
ones sees the non-decoupling of the top-quark in the large mt limit. In this case,
the amplitude approaches an mt-independent constant when mt is larger than all
mass scales in the problem. On the other hand, when mH± ≫ mt, the effect of the
charged Higgs loop decouples quadratically with the Higgs mass. This behavior is
expected for the same reasons that heavy supersymmetric particles decouple from
oblique radiative corrections in the large MSUSY limit.
All that is left to do is to explore the relative sizes of the coefficients in eq. (3.51)
and to incorporate the (leading log) QCD radiative corrections [143] in order to
see how fast the decoupling of a heavy H± occurs. Using the explicit formulae
in ref. [140], I have plotted in fig. 6 the enhancement of the branching ratio for
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b → sγ in the two-Higgs-doublet model relative to the Standard Model rate. It
follows from eq. (3.51) that the decoupling of the H± contribution is controlled
by the factor m2t /m
2
H± [in contrast to m
2
Z/m
2
H± as in eqs. (3.48)-(3.49)]. Even so,
it is somewhat surprising that the significance of the charged Higgs exchange to
b → sγ persists to such large values of mH±. In addition, the tan β dependence
of the curves in fig. 6 reflect the contribution in eq. (3.51) proportional to the
square of the Higgs-top quark Yukawa coupling, λ2t . (The tan β-independent part
of the charged Higgs contribution in eq. (3.51) arises from a term proportional
to λtλb.) The current experimental limit from the CLEO Collaboration [148] of
BR(B → Kγ +X) < 5.4 × 10−4 (at 95% CL) already places interesting limits on
the parameters of the charged Higgs sector (see refs. [145] and [146] for a recent
analysis of these constraints). Forthcoming improved limits from CLEO (or an
observed signal) could significantly constrain mH± and tan β and may lead to other
important restrictions on supersymmetric particle masses.
3.3. Natural Relations of the MSSM Higgs Sector
In Lecture 1, I constructed the Lagrangian of the MSSM. This field theory pos-
sesses many tree-level natural relations which reflect the underlying supersymmetry
of the model. In particular, the supersymmetry is broken by soft-supersymmetry-
breaking terms of dimension 2 and 3. This means that all dimension-4 interaction
terms respect the supersymmetry. Thus, the MSSM possesses far fewer independent
parameters than the most general gauge invariant theory with the same particle con-
tent. If one considers a more general (nonsupersymmetric) theory with the same
particle spectrum and gauge symmetries, it is clear that the imposition of super-
symmetry introduces relations among previously independent parameters. These
relations are called natural because even if the supersymmetry is softly broken,
these relations are modified by finite (and calculable) radiative corrections. In con-
trast, if we were to add hard-supersymmetry-breaking terms, the natural relations
would suffer infinite radiative corrections. In this case, one must perform indepen-
dent renormalizations to remove the infinities, and no vestige of the natural relation
would remain.
Examples of natural relations in the MSSM are nicely exhibited in the Higgs
sector. Consider the scalar potential of the most general non-supersymmetric two-
Higgs-doublet model [149]. In principle, this model would contain CP-violating as
well as CP-conserving couplings. For simplicity (and due to lack of knowledge of the
fundamental CP-violating parameters of the underlying supersymmetric model), I
will assume that all CP-violating effects arising from the Higgs sector are small and
can be neglected.
⋆
Let Φ1 and Φ2 denote two complex Y = 1, SU(2)L doublet scalar
fields. The most general gauge invariant scalar potential is given by
⋆ At tree-level, the Higgs potential of the MSSM is automatically CP-conserving.
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V = m211Φ†1Φ1 +m222Φ†2Φ2 − [m212Φ†1Φ2 + h.c.]
+ 12λ1(Φ
†
1Φ1)
2 + 12λ2(Φ
†
2Φ2)
2 + λ3(Φ
†
1Φ1)(Φ
†
2Φ2) + λ4(Φ
†
1Φ2)(Φ
†
2Φ1)
+
{
1
2λ5(Φ
†
1Φ2)
2 +
[
λ6(Φ
†
1Φ1) + λ7(Φ
†
2Φ2)
]
Φ†1Φ2 + h.c.
}
.
(3.52)
In most discussions of two-Higgs-doublet models, the terms proportional to λ6 and
λ7 are absent. This can be achieved by imposing a discrete symmetry Φ1 → −Φ1
on the model. Such a symmetry would also require m12 = 0 unless we allow a soft
violation of this discrete symmetry by dimension-two terms.
†
For the moment, I will
refrain from setting any of the coefficients in eq. (3.52) to zero. In principle, m212, λ5,
λ6 and λ7 can be complex. However, I shall ignore the possibility of CP-violating
effects in the Higgs sector by choosing all coefficients in eq. (3.52) to be real. The
scalar fields will develop non-zero vacuum expectation values if the mass matrix m2ij
has at least one negative eigenvalue. Imposing CP invariance and U(1)EM gauge
symmetry, the minimum of the potential is
〈Φ1〉 = 1√
2
(
0
v1
)
, 〈Φ2〉 = 1√
2
(
0
v2
)
, (3.53)
where the vi can be chosen to be real and positive. It is convenient to introduce the
following notation:
v2 ≡ v21 + v22 =
4m2W
g2
, tβ ≡ tanβ ≡ v2
v1
. (3.54)
Of the original eight scalar degrees of freedom, three Goldstone bosons (G± and
G0) are absorbed (“eaten”) by the W± and Z. The remaining five physical Higgs
particles are: two CP-even scalars (h0 and H0, with mh0 ≤ mH0), one CP-odd
scalar (A0) and a charged Higgs pair (H±). The mass parameters m11 and m22 can
be eliminated by minimizing the scalar potential. The resulting squared masses for
the CP-odd and charged Higgs states are
† This latter requirement is sufficient to guarantee the absence of Higgs-mediated tree-level
flavor changing neutral currents.
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m2A0 =
m212
sβcβ
− 12v2
(
2λ5 + λ6t
−1
β + λ7tβ
)
, (3.55)
m2H± = m
2
A0 +
1
2v
2(λ5 − λ4) , (3.56)
where sβ ≡ sin β and cβ ≡ cosβ. The two CP-even Higgs states mix according to
the following squared mass matrix:
M2 = m2A0
(
s2β −sβcβ
−sβcβ c2β
)
+ v2
(
λ1c
2
β + 2λ6sβcβ + λ5s
2
β (λ3 + λ4)sβcβ + λ6c
2
β + λ7s
2
β
(λ3 + λ4)sβcβ + λ6c
2
β + λ7s
2
β λ2s
2
β + 2λ7sβcβ + λ5c
2
β
)
.
(3.57)
The physical mass eigenstates are
H0 = (
√
2ReΦ01 − v1) cosα+ (
√
2ReΦ02 − v2) sinα ,
h0 = −(
√
2ReΦ01 − v1) sinα + (
√
2ReΦ02 − v2) cosα .
(3.58)
The corresponding masses are
m2H0,h0 =
1
2
[
M211 +M222 ±
√
(M211 −M222)2 + 4(M212)2
]
, (3.59)
and the mixing angle α is obtained from
sin 2α =
2M212√
(M211 −M222)2 + 4(M212)2
,
cos 2α =
M211 −M222√
(M211 −M222)2 + 4(M212)2
.
(3.60)
In the MSSM, the dimension-four terms of the Higgs potential are constrained by
supersymmetry. Comparing eq. (1.65) with the nonsupersymmetric Higgs potential
72
given in eq. (3.52),
‡
one finds the following results for the λi in the MSSM
λ1 = λ2 =
1
4(g
2 + g′2) ,
λ3 =
1
4(g
2 − g′2) ,
λ4 = −12g2 ,
λ5 = λ6 = λ7 = 0 .
(3.61)
Eq. (3.61) is the source of all the natural relations among Higgs sector observables
in the MSSM. For example, by inserting eq. (3.61) into eqs. (3.55)–(3.60), one re-
produces the formulae for the MSSM Higgs masses and mixing angle obtained in
eqs. (1.68)–(1.73).
Perhaps the most interesting consequence of the Higgs mass relations of the
MSSM is the inequality mh0 ≤ mZ [see eq. (1.73)]. If this mass bound were reliable,
it would have significant implications for future experiments at LEP-II. In principle,
experiments running at LEP-II operating at
√
s = 200 GeV and design luminosity
would either discover the Higgs boson (via e+e− → h0Z) or rule out the MSSM.
However, since mh0 ≤ mZ is a consequence of the natural relations of the MSSM
Higgs sector, this inequality need not be respected when radiative corrections are
incorporated. In section 3.4 I will demonstrate that in the radiative corrections
to the neutral CP-even Higgs squared-mass matrix, the 22-element is shifted by a
term proportional to (g2m4t /m
2
W ) ln(M
2
t˜
/m2t ) [150–159]. Such a term arises from
an incomplete cancellation between top-quark and top-squark loop contributions to
the neutral Higgs boson self-energy. If mt is large, this term significantly alters the
tree-level natural relations of the MSSM Higgs sector.
3.4. Radiative Corrections to MSSM Higgs Masses
The complete one-loop computation of the MSSM Higgs masses can be found
in the literature [154,158]. However, the formulae involved are very lengthy and
not too transparent. Instead, I will present here the results based on a calculation
of the radiatively corrected Higgs masses in which all leading logarithmic terms
are included (see ref. [155] for details). We take the supersymmetry breaking scale
(MSUSY) to be somewhat larger than the electroweak scale. For simplicity, we as-
sume that the masses of all supersymmetric particles (squarks, sleptons, neutralinos
and charginos) are roughly degenerate and of orderMSUSY. Although this is a crude
approximation, deviations from this assumption will lead to non-leading logarithmic
corrections which tend to be small if the supersymmetric particles are not widely
‡ Note that H1 is a Y = −1 field which is related to Φ1 by H1 = iσ2Φ∗1.
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split in mass.
§
The leading logarithmic expressions for the MSSM Higgs masses are obtained
from eqs. (3.56) and (3.57) by treating the λi as running parameters evaluated at
the electroweak scale, Mweak. In addition, we identify the W and Z masses by
m2W =
1
4g
2(v21 + v
2
2) ,
m2Z =
1
4(g
2 + g′2)(v21 + v
2
2) ,
(3.62)
where the running gauge couplings are also evaluated atMweak. Of course, the gauge
couplings, g and g′ are known from experimental measurements which are performed
at the scale Mweak. The λi(M
2
weak) are determined from supersymmetry. Namely, if
supersymmetry were unbroken, then the λi would be fixed according to eq. (3.61).
Since supersymmetry is broken, we regard eq. (3.61) as boundary conditions for the
running parameters, valid at (and above) the energy scale MSUSY. That is, we take
λ1(M
2
SUSY) = λ2(M
2
SUSY) =
1
4
[
g2(M2SUSY) + g
′2(M2SUSY)
]
,
λ3(M
2
SUSY) =
1
4
[
g2(M2SUSY)− g′2(M2SUSY)
]
,
λ4(M
2
SUSY) = −12g2(M2SUSY),
λ5(M
2
SUSY) = λ6(M
2
SUSY) = λ7(M
2
SUSY) = 0 ,
(3.63)
in accordance with the tree-level relations of the MSSM. I shall assume that mA0 ≃
O(mZ), so that all Higgs particle masses are of order Mweak (rather than MSUSY).
Then, at energy scales below MSUSY, the effective low-energy theory is a two-Higgs-
doublet model. As a result, the gauge and quartic Higgs couplings evolve from
MSUSY down to Mweak according to the renormalization group equations (RGEs)
of the non-supersymmetric two-Higgs-doublet model (with Higgs-fermion couplings
given in the MSSM).
⋆
The required one-loop RGEs are of the form given in eq. (2.1),
where the parameter set pi now includes the Higgs self-coupling parameters λi. The
§ The procedure outlined below can be modified to incorporate the largest non-leading loga-
rithmic contributions that arise in the case of multiple supersymmetric particle thresholds
and/or large squark mixing. See ref. [155] for further details.
⋆ If mA0 ∼ O(MSUSY), then H±, H0 and A0 would all have masses of order MSUSY, and
the effective low-energy theory below M
SUSY
would be that of the minimal Standard Model.
In this case, it would be appropriate to decouple all but the lightest CP-even Higgs boson,
and use the RGEs of the Standard Model with one Higgs doublet. For further details, see
refs. [152] and [155].
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corresponding β-functions are listed below
βλ1 =
1
16π2
{
6λ21 + 2λ
2
3 + 2λ3λ4 + λ
2
4 + λ
2
5 + 12λ
2
6
+ 38
[
2g4 + (g2 + g′2)2
]− 2∑
i
Ncih
4
di
}
− 2λ1γ1
βλ2 =
1
16π2
{
6λ22 + 2λ
2
3 + 2λ3λ4 + λ
2
4 + λ
2
5 + 12λ
2
7
+ 38
[
2g4 + (g2 + g′2)2
]− 2∑
i
Ncih
4
ui
}
− 2λ2γ2
βλ3 =
1
16π2
{
(λ1 + λ2)(3λ3 + λ4) + 2λ
2
3 + λ
2
4 + λ
2
5 + 2λ
2
6 + 2λ
2
7 + 8λ6λ7
+ 38
[
2g4 + (g2 − g′2)2]− 2∑
i
Ncih
2
uih
2
di
}
− λ3(γ1 + γ2)
βλ4 =
1
16π2
[
λ4(λ1 + λ2 + 4λ3 + 2λ4) + 4λ
2
5 + 5λ
2
6 + 5λ
2
7 + 2λ6λ7
+ 32g
2g′2 + 2
∑
i
Ncih
2
uih
2
di
]
− λ4(γ1 + γ2)
βλ5 =
1
16π2
[
λ5(λ1 + λ2 + 4λ3 + 6λ4) + 5
(
λ26 + λ
2
7
)
+ 2λ6λ7
]
− λ5(γ1 + γ2)
βλ6 =
1
16π2
[
λ6(6λ1 + 3λ3 + 4λ4 + 5λ5
)
+ λ7
(
3λ3 + 2λ4 + λ5
)]− 12λ6(3γ1 + γ2)
βλ7 =
1
16π2
[
λ7(6λ2 + 3λ3 + 4λ4 + 5λ5
)
+ λ6
(
3λ3 + 2λ4 + λ5
)]− 12λ7(γ1 + 3γ2) .
(3.64)
In eq. (3.64), the anomalous dimensions of the two Higgs fields are given by
γ1 =
1
64π2
[
9g2 + 3g′2 − 4
∑
i
Ncih
2
di
]
,
γ2 =
1
64π2
[
9g2 + 3g′2 − 4
∑
i
Ncih
2
ui
]
,
(3.65)
where the sum over i is taken over three generations of quarks (with Nc = 3) and
leptons (with Nc = 1). The boundary conditions together with the RGEs imply
that, at the leading-log level, λ5, λ6 and λ7 are zero at all energy scales. Solving
the RGEs with the supersymmetric boundary conditions at MSUSY [eq. (3.63)], one
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can determine the λi at the weak scale. The resulting values for λi(Mweak) are
then inserted into eqs. (3.56) and (3.57) to obtain the radiatively corrected Higgs
masses. Having solved the one-loop RGEs, the Higgs masses thus obtained include
the leading logarithmic radiative corrections summed to all orders in perturbation
theory.
The RGEs can be solved by numerical analysis on the computer. But it is
instructive to solve the RGEs iteratively. In first approximation, we can take the
right hand side of eq. (2.1) to be independent of µ2. That is, we compute the βi
by evaluating the parameters pi at the scale µ = MSUSY. Then, integration of the
RGEs is trivial, and we obtain
pi(M
2
weak) = pi(M
2
SUSY)− βi ln
(
M2SUSY
M2weak
)
. (3.66)
Note that this iterative solution corresponds to computing the one-loop radiative
corrections in which only terms proportional to lnM2SUSY are kept. It is straight-
forward to work out the one-loop leading logarithmic expressions for the λi and the
Higgs masses. First consider the charged Higgs mass [eq. (3.56)]. Since λ5(µ
2) = 0
at all scales, we need only consider λ4. Evaluating βλ4 at µ = MSUSY, it follows
that
λ4(m
2
W ) = −12g2−
1
32π2
[(
4
3Ng +
1
6NH − 103
)
g4 + 5g2g′2
− 3g
4
2m2W
(
m2t
s2β
+
m2b
c2β
)
+
3g2m2tm
2
b
s2βc
2
βm
4
W
]
ln
M2SUSY
m2W
.
(3.67)
The terms proportional to the number of generations Ng = 3 and the number of
Higgs doublets NH = 2 that remain in the low-energy effective theory at the scale
µ = mW have their origin in the running of g
2 from MSUSY down to mW . In
deriving the above expression, I have taken Mweak = mW . This is a somewhat arbi-
trary decision, since another reasonable choice would yield a result that differs from
eq. (3.67) by a non-leading logarithmic term. Comparisons with a more complete
calculation show that one should choose Mweak = mW in computations involving
the charged Higgs (and gauge) sector and Mweak = mZ in computations involving
the neutral sector.
The above analysis also assumes that mt ∼ O(mW ). Since mt > mW , one can
improve the above result somewhat by decoupling the (t, b) weak doublet from the
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low-energy theory for scales below mt. The terms in eq. (3.67) that are proportional
to m2t and/or m
2
b arise from self-energy diagrams containing a tb loop. Thus, such
a term should not be present for mW ≤ µ ≤ mt. In addition, we recognize the
term in eq. (3.67) proportional to the number of generations Ng as arising from the
contributions to the self-energy diagrams containing either quark or lepton loops
(and their supersymmetric partners). To identify the contribution of the tb loop to
this term, simply write
Ng =
1
4Ng(Nc + 1) =
1
4Nc +
1
4 [Nc(Ng − 1) +Ng] , (3.68)
where Nc = 3 colors. Thus, we identify
1
4Nc as the piece of the term proportional
to Ng that is due to the tb loop. The rest of this term is then attributed to the
lighter quarks and leptons. Finally, the remaining terms in eq. (3.67) are due to the
contributions from the gauge and Higgs boson sector. The final result is [160]
λ4(m
2
W ) = −12g2 −
Ncg
4
32π2
[
1
3
− 1
2m2W
(
m2t
s2β
+
m2b
c2β
)
+
m2tm
2
b
s2βc
2
βm
4
W
]
ln
M2SUSY
m2t
− 1
96π2
{[
Nc(Ng − 1) +Ng + 12NH − 10
]
g4 + 15g2g′2
}
ln
M2SUSY
m2W
.
(3.69)
Inserting this result (and λ5 = 0) into eq. (3.56), one obtains the one-loop leading-log
formula for the charged Higgs mass
m2H± = m
2
A +m
2
W +
Ncg
2
32π2m2W
[
2m2tm
2
b
s2βc
2
β
−m2W
(
m2t
s2β
+
m2b
c2β
)
+ 23m
4
W
]
ln
M2SUSY
m2t
+
m2W
48π2
{ [
Nc(Ng − 1) +Ng + 12NH − 10
]
g2 + 15g′2
}
ln
M2SUSY
m2W
.
(3.70)
Since the low-energy effective theory below MSUSY is a two-doublet model, one
must take NH = 2 in the formulae above. In particular, the derivation of eq. (3.70)
is strictly valid only if mA0 is not much larger than mW .
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Eq. (3.70) only includes the one-loop leading log radiative corrections. This
result is improved by using the full RGE solution to λ4(m
2
W )
m2H± = m
2
A0 − 12λ4(m2W )(v21 + v22) , (3.71)
which effectively sums the leading log radiative corrections to all orders in the per-
turbation expansion.
Although the leading-log formula for mH± [eq. (3.70) or (3.71)] gives a useful
indication as to the size of the radiative corrections, non-leading logarithmic con-
tributions can also be important in certain regions of parameter space. A more
complete set of radiative corrections can be found in the literature [154,160–163].
In the numerical results to be exhibited below, important non-leading corrections
to the charged Higgs mass are also included (as described in ref. [160]). However,
it should be emphasized that the radiative corrections to the charged Higgs mass
are significant only for tanβ < 1, a region of MSSM parameter space not favored in
supersymmetric models.
The computation of the neutral CP-even Higgs masses follows a similar proce-
dure. The results are summarized below [155]. From eq. (3.57), we see that we
only need results for λ1, λ2 and λ˜3 ≡ λ3 + λ4 + λ5. (Recall that in the leading-log
analysis, λ5 = λ6 = λ7 = 0 at all energy scales.) By iterating the corresponding
RGEs as before, we end up with
78
λ1(m
2
Z) =
1
4 [g
2 + g′2](m2Z) +
g4
384π2c4W
[
Pt ln
(
M2SUSY
m2t
)
+
(
12Nc
m4b
m4Zc
4
β
− 6Nc
m2b
m2Zc
2
β
+ Pf + Pg + P2H
)
ln
(
M2SUSY
m2Z
)]
,
λ2(m
2
Z) =
1
4 [g
2 + g′2](m2Z) +
g4
384π2c4W
[(
Pf + Pg + P2H
)
ln
(
M2SUSY
m2Z
)
+
(
12Nc
m4t
m4Zs
4
β
− 6Nc m
2
t
m2Zs
2
β
+ Pt
)
ln
(
M2SUSY
m2t
)]
,
λ˜3(m
2
Z) = −14 [g2 + g′2](m2Z)−
g4
384π2c4W
[(
− 3Nc m
2
t
m2Zs
2
β
+ Pt
)
ln
(
M2SUSY
m2t
)
+
(
− 3Nc
m2b
m2Zc
2
β
+ Pf + P
′
g + P
′
2H
)
ln
(
M2SUSY
m2Z
)]
,
(3.72)
where
Pt ≡ Nc(1− 4eus2W + 8e2us4W ) ,
Pf ≡ Ng
{
Nc
[
2− 4s2W + 8(e2d + e2u)s4W
]
+ [2− 4s2W + 8s4W ]
}
− Pt ,
Pg ≡ −44 + 106s2W − 62s4W ,
P ′g ≡ 10 + 34s2W − 26s4W ,
P2H ≡ −10 + 2s2W − 2s4W ,
P ′2H ≡ 8− 22s2W + 10s4W .
(3.73)
In the above formulae, the electric charges of the quarks are eu = 2/3, ed = −1/3,
and the subscripts t, f, g and 2H indicate that these are the contributions from the
top quark, the fermions (leptons and quarks excluding the top quark), the gauge
bosons and the two Higgs doublets (and corresponding supersymmetric partners),
respectively. As in the derivation of λ4(m
2
W ) above, we have improved our analysis
by removing the effects of top-quark loops below µ = mt. This requires a careful
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treatment of the evolution of g and g′ at scales below µ = mt. The correct procedure
is somewhat subtle, since the full electroweak gauge symmetry is broken below top-
quark threshold; for further details, see ref. [155]. However, the following pedestrian
technique works: consider the RGE for g2 + g′2 valid for µ < MSUSY
d
dt
(g2 + g′2) =
1
96π2
[ (
8g4 + 403 g
′4
)
Ng + (g
4 + g′4)NH − 44g4
]
. (3.74)
This equation can be used to run g2+ g′2, which appears in eq. (3.63), from MSUSY
down to mZ . As before, we identify the term proportional to Ng as corresponding
to the fermion loops. We can explicitly extract the t-quark contribution by noting
that
Ng
(
8g4 + 403 g
′4
)
=
g4Ng
c4W
[
64
3 s
4
W − 16s2W + 8
]
=
g4
c4W
{
Nc [1 + (Ng − 1)] (1− 4eus2W + 8e2us4W )
+NcNg(1 + 4eds
2
W + 8e
2
ds
4
W ) +Ng(2− 4s2W + 8s4W )
}
,
(3.75)
where in the second line of eq. (3.75), the term proportional to 1 corresponds to the
t-quark contribution while the term proportional to Ng − 1 accounts for the u and
c-quarks; the third line contains the contributions from the down-type quarks and
leptons respectively. Thus, iterating to one-loop,
(g2 + g′2)(M2SUSY) = (g
2 + g′2)(m2Z) +
g4
96π2c4W
{
Pt ln
(
M2SUSY
m2t
)
+
[
Pf + (s
4
W + c
4
W )NH − 44c4W
]
ln
(
M2SUSY
m2Z
)}
.
(3.76)
This result and terms that are proportional to m2t and m
4
t yield the terms in
eq. (3.72) that contain ln(M2SUSY/m
2
t ).
The final step is to insert the expressions obtained in eq. (3.72) into eq. (3.57).
The resulting matrix elements for the mass-squared matrix to one-loop leading log-
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arithmic accuracy are given by
M211 = m2A0s2β +m2Zc2β +
g2m2Zc
2
β
96π2c2W
[
Pt ln
(
M2SUSY
m2t
)
+
(
12Nc
m4b
m4Zc
4
β
− 6Nc m
2
b
m2Zc
2
β
+ Pf + Pg + P2H
)
ln
(
M2SUSY
m2Z
)]
M222 = m2A0c2β +m2Zs2β +
g2m2Zs
2
β
96π2c2W
[(
Pf + Pg + P2H
)
ln
(
M2SUSY
m2Z
)
+
(
12Nc
m4t
m4Zs
4
β
− 6Nc m
2
t
m2Zs
2
β
+ Pt
)
ln
(
M2SUSY
m2t
)]
M212 = −sβcβ
{
m2A0 +m
2
Z +
g2m2Z
96π2c2W
[(
Pt − 3Nc m
2
t
m2Zs
2
β
)
ln
(
M2SUSY
m2t
)
+
(
− 3Nc m
2
b
m2Zc
2
β
+ Pf + P
′
g + P
′
2H
)
ln
(
M2SUSY
m2Z
)]}
.
(3.77)
Diagonalizing this matrix [eq. (3.77)] yields the radiatively corrected CP-even Higgs
masses and mixing angle α.
The leading-log formulae presented above are expected to be accurate as long
as: (i) there is one scale characterizing supersymmetric masses, MSUSY, which is
large and sufficiently separated from mZ (say, MSUSY >∼ 500 GeV), (ii) mt is some-
what above mZ (say, mt >∼ 125 GeV) while still being small compared to MSUSY,
and (iii) the squark mixing parameters are not unduly large. In particular, (ii) is
an important condition—it is the dominance of the leading m4t ln(M
2
SUSY/m
2
t ) term
in M222 above that guarantees that the non-leading logarithmic terms are unim-
portant.
⋆
Under these conditions, the largest non-leading logarithmic term is of
O(g2m2t ), which can be identified from a full one-loop computation as being the
subdominant term relative to the leading O(g2m4t lnM2SUSY) term in M222. Thus,
we can make a minor improvement on our computation of the leading-log CP-even
Higgs squared mass matrix by taking
⋆ In contrast, there is no leading logarithmic contribution to m2H± that grows with m
4
t . As a
result, the non-leading logarithmic terms tend to be more important as mentioned earlier.
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M2 =M2LL +
Ncg
2m2t
48π2s2βc
2
W
(
0 0
0 1
)
(3.78)
where M2LL is the leading-log CP-even Higgs squared mass matrix [given to one-
loop in eq. (3.77)]. The shift of the light Higgs mass due to this non-leading-log
correction is of order 1 GeV. Finally, the case of multiple and widely separated
supersymmetric particle thresholds and/or large squark mixing (which is most likely
in the top squark sector), lead to new non-leading logarithmic contributions to the
scalar mass-squared matrix can become important. These are discussed further in
ref. [155].
3.5. Implications of the Radiatively Corrected MSSM Higgs Sector
In this section I shall briefly survey some of the numerical results for the ra-
diatively corrected Higgs masses and couplings. Additional results can be found
in ref. [155]. Complementary work can be found in refs. [151,153,154,156–163]. In
fig. 7(a) and (b) I plot the light CP-even Higgs mass as a function of tan β for
mt = 150 and 200 GeV for various choices of mA0 . All A-parameters and µ are set
equal to zero. Perhaps the most dramatic consequence of the radiatively corrected
Higgs sector is the large violation of the tree-level bound mh0 ≤ mZ . The new
mh0 bound (m
max
h0 ) is saturated when mA0 and tanβ are large. Moreover, when
mA0 ≥ mmaxh0 , one sees that mh0 is large throughout the entire tanβ region; the ra-
diatively corrected mh0 reaches a maximum (minimum) at tanβ ≃ ∞ (tan β ≃ 1).
In particular, there is a substantial region of Higgs parameter space in whichmh0 lies
above the current LEP experimental Higgs mass limits. Indeed, forMSUSY = 1 TeV,
mt = 200 GeV, andmA0 >∼ 200 GeV, fig. 7(b) indicates thatmh0 > mZ independent
of the value of tanβ. Thus, there is a non-negligible region of parameter space in
which the h0 is kinematically inaccessible to LEP-II (running at
√
s ≤ 200 GeV).
This is quite a departure from the tree-level expectations of mh0 ≤ mZ in which the
LEP discovery of the Higgs boson was assured if the MSSM were correct.
Nevertheless, the LEP Higgs search does rule out some regions of the Higgs pa-
rameter space. These regions typically correspond to smaller values ofmA0 where h
0
can be relatively light. For fixed tanβ, mh0 reaches its minimum value, m
min
h0 , when
mA0 → 0. In contrast to the tree-level behavior (where mh0 ≤ mA0), the Higgs
mass does not vanish as mA0 → 0. Moreover, mminh0 increases as tanβ decreases
but exhibits only a moderate dependence on mt and MSUSY. One interesting con-
sequence is that there exists a range of parameters for which the tree-level bound,
mh0 ≤ mA0 is violated. In fact, the results of fig. 7 indicate that in the region of
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small tan β and small mA0 , it is possible to have mh0 > 2mA0, thereby allowing a
new decay-mode h0 → A0A0 which is kinematically forbidden at tree-level.
One other difference between the tree-level prediction for mh0 and the results
of fig. 7 is noteworthy. From eq. (1.73), we see that for tanβ = 1, mh0 = 0 at
tree-level. The results of fig. 7 indicate that the radiative corrections to mh0 are
substantial for tan β = 1, particularly when mt is large. This is again a consequence
of the g2m4t ln(M
2
SUSY/m
2
Z) enhancement ofM222. The tan β = 1 limit is analogous
to the Coleman-Weinberg limit [164] of the Standard Model, in which the mass of
the Higgs boson arises entirely from radiative corrections. However, in the Standard
Model, the Coleman-Weinberg mechanism cannot be operative if mt >∼ mW [165]
(and in any case, the Higgs mass that arises from this mechanism cannot be larger
than about 10 GeV, which is ruled out by the LEP Higgs search [166]). Clearly,
no such restriction exists in the MSSM [167,159]. The difference lies in the large
positive contribution to the Higgs squared mass from a loop of top squarks. From
fig. 7(b), we see that for mt = 200 GeV and tan β = 1, a value of mh0 as large as
100 GeV is possible. Thus, LEP cannot yet rule out the possibility that the mass
of the lightest CP-even Higgs boson arises entirely from radiative corrections [159].
In the limit mA0 →∞, the couplings of h0 to gauge bosons and matter fields are
identical to the Higgs couplings of the Standard Model so that the Higgs sector of the
two models cannot be phenomenologically distinguished. However, supersymmetry
does impose constraints on the quartic Higgs self-coupling at the scale MSUSY, and
this influences the possible values of mh0 . To illustrate this point, I have plotted in
fig. 8 the range of allowed mh0 in the case of large mA0 (taken here to be mA0 = 300
GeV). As noted above, the lower limit for mh0 is attained if tan β ≃ 1 and the
upper limit is attained in the limit of large tanβ (taken to be tan β = 20 in fig. 8).
⋆
Suppose the top quark mass is known and that h0 is discovered with Standard Model
couplings. Ifmh0 does not lie in the allowed mass region displayed in fig. 8, one could
conclude that the MSSM is ruled out. Fig. 8 also exhibits the sensitivity to the choice
ofMSUSY. The larger the value ofMSUSY, the more significant the corrections to the
Higgs mass due to full renormalization group improvement. In fig. 8(c) and (d), the
dashed lines (labeled 1LL for one-loop leading-log) correspond to computing mh0 by
exactly diagonalizing the squared mass matrix given in eq. (3.77). The solid lines
(denoted by RGE) are obtained by solving numerically the RGEs for the λi, inserting
the results into eq. (3.57), and computing the eigenvalue of the lighter CP-even Higgs
scalar. For MSUSY = 1 TeV, the largest discrepancy between the RGE and 1LL
results occurs for large mt and mA0 . For example, for tan β = 1, mA0 = 300 GeV
and mt = 200 GeV, we find (mh0)RGE = 96.8 GeV while (mh0)1LL = 104.4 GeV.
⋆ A second maximum for mh0 would arise for very small tanβ; however, this lies outside the
permitted region indicated in figs. 1 and 2.
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Values of MSUSY much larger than 1 TeV would be in conflict with the philosophy
of low-energy supersymmetry.
Consider next the predictions of the one-loop radiatively corrected Higgs sector
for the other physical Higgs bosons of the MSSM. In fig. 9, I plot the radiatively
corrected MSSM Higgs masses as a function of tan β for MSUSY = 1 TeV and for
two choices of mt and mA0. (As above, all A and µ parameters are set to zero.)
The neutral Higgs masses have been obtained by diagonalizing eq. (3.77). Full
RGE-improvement, which is not included in fig. 9, would change these results by no
more than about 5%. In the case of the charged Higgs mass, important non-leading
logarithmic contributions have also been included, as described in ref. [160]. Note
that the tree-level bound mH± ≥ mW can be violated, but only if tanβ <∼ 0.5 and
mA0 is small. The small tan β region corresponds to an enhanced Higgs-top quark
Yukawa coupling. This also explains the increase of mH0 in this region, which is
being controlled by them4t /s
2
β factor inM222 [eq. (3.77)]. Of course, this same factor
is responsible for the violation of the bound mh0 ≤ mZ .
Concluding Remarks
Is there supersymmetry in our future? The definitive answer to this question
will not be known until future colliders present us with compelling evidence for su-
persymmetric particles in their data. Nevertheless, the theoretical motivation for
supersymmetry is quite strong. The fact that gravity exists almost certainly means
that supersymmetry must exist at some energy scale, since supersymmetry is inti-
mately involved in string theory—the only known consistent quantum mechanical
framework for the union of gravitational theory and the theory of elementary par-
ticle physics. However, supersymmetry is clearly not an exact symmetry of nature.
The existence of gravity implies nothing about the energy scale of supersymme-
try breaking. If this scale turns out to be the Planck scale, then supersymmetry
will never be relevant for theories of particle physics that can be directly tested
by experiment. It is the hierarchy and naturalness problems that provide the hint
for the connection between supersymmetry and the electroweak scale. As a result,
much effort has been spent during the past decade in the construction of low-energy
supersymmetric models and the detailed exploration of its phenomenology.
The MSSM has been particularly successful for providing a specific framework
for the study of physics beyond the Standard Model. However, our present un-
derstanding of supersymmetry is far from complete. The origin of supersymmetry
breaking at the fundamental level remains poorly understood. Future theoretical
breakthroughs will almost certainly require the assistance of our experimental col-
leagues. Perhaps with a detailed low-energy supersymmetric particle spectrum in
hand, one could begin to unravel some of the secrets of the fundamental underlying
84
theory. The successful unification of the gauge coupling constants within the grand
unified supersymmetric framework provides some hope that it may be possible to
probe physics all the way up to the Planck scale based on our limited information
at the TeV scale and below. The discovery of low-energy supersymmetry is essential
if this hope is to be realized. If so, it would truly be a remarkable achievement of
theoretical physics.
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FIGURE CAPTIONS
1) The region of tan β–mt parameter space in which all running Higgs-fermion
Yukawa couplings remain finite at all energy scales, µ, frommZ to Λ = 10
16 GeV [79].
Non-supersymmetric two-Higgs-doublet (one-loop) renormalization group equa-
tions
(RGEs) are used for mZ ≤ µ ≤MSUSY and the RGEs of the minimal supersym-
metric model are used forMSUSY ≤ µ ≤ Λ (see table 2). Five different values of
MSUSY are shown; the allowed parameter space lies below the respective curves.
2) The region of tan β–mt parameter space in which all running Higgs-fermion
Yukawa couplings remain finite at all energy scales from mZ to Λ = 100 TeV.
See caption to fig. 1.
3) The contribution to the S and T parameters from the squark and slepton sector
of the MSSM as a function of M
Q˜
. The squark mass spectrum is determined by
MSSM mass parameters defined in section 1.5. For simplicity, all soft supersym-
metry breaking diagonal squark (and slepton) mass parameters are taken equal
to M
Q˜
. In addition, A =M
Q˜
, µ = −200 GeV and tan β = 2 are the parameters
that determine the strength of the off-diagonal squark mixing. The solid curves
show the contributions of three generations of squarks and sleptons, while the
dashed curves show the partial contribution arising from the top/bottom squark
sector alone.
4) The contribution to the S and T parameters from the neutralino and chargino
sector of the MSSM as a function of µ for tanβ = 2. The four curves shown
correspond to M = 50, 250, 500 and 1000 GeV [with M2 ≡ M and M1 =
(5g′2/3g2)M ]. In (a), curves in the region of |µ| ≤ 100 GeV are not shown,
since in this region of parameter space the light chargino mass is of order mZ
(or less). In (b), T is related to the ρ parameter via δρ = αδT which is an
experimental observable over the entire mass parameter region.
5) The contribution to the S and T parameters from the MSSM Higgs sector
relative to the Standard Model with Higgs mass set equal to mh0 , as a function
of mA0. Three curves corresponding to tanβ = 1, 2, and 10 are shown. In
(a), the dotted curve corresponds to the asymptotic prediction [eq. (3.48)] for
tan β = 10. In the region of small mA0 where the dotted curve departs from
the dashed curve, it is no longer useful to use S in the parametrization of the
radiative corrections. In (b), the two dotted curves correspond to the asymptotic
predictions [eq. (3.49)] for tanβ = 1 and 10 respectively.
6) The ratio of BR(B → Kγ +X) in the two-Higgs-doublet model relative to its
predicted value in the Standard Model (SM) as a function of the charged Higgs
mass formt = 150 and 200 GeV and various choices for tanβ, assuming an H
−tb¯
coupling given by eq. (3.50). This graph is based on calculations of ref. [140].
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7) RGE-improved Higgs mass mh0 as a function of tanβ for (a) mt = 150 GeV
and (b) mt = 200 GeV. Various curves correspond to mA0 = 0, 20, 50, 100 and
300 GeV as labeled in the figure. All A-parameters and µ are set equal to zero.
The light CP-even Higgs mass varies very weakly with mA0 for mA0 > 300 GeV.
Taken from ref. [155].
8) The range of allowed Higgs masses for large mA0 (in these plots, mA0 = 300
GeV). The lower limit corresponds to tan β = 1. The upper limit corresponds
to the limit of large tanβ (we take tan β = 20). In (a) and (b) mt is varied
for MSUSY = 1 and 0.5 TeV, respectively. In (c) and (d) MSUSY is varied and
mt = 150 and 200 GeV, respectively. The solid (dashed) curves in (c) and
(d) correspond to the computation in which the RGEs are solved numerically
(iteratively to one-loop order). Taken from ref. [155].
9) The masses of h0, H0 and H± in the MSSM for mA0 = 50 and 200 GeV. The
neutral CP-even Higgs masses are obtained from a calculation that includes the
leading-log one-loop radiative corrections [based on eq. (3.77)]. The charged
Higgs mass is obtained from a similar calculation, but important non-leading
logarithmic effects have also been included [160]. All supersymmetric masses
are assumed to be roughly degenerate of orderMSUSY = 1 TeV. The two curves
for each Higgs mass shown correspond to mt = 150 and 200 GeV. The larger
neutral Higgs mass corresponds to the larger mt choice. In the case of H
±, mH±
increases [decreases] with mt for large [small] tan β.
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